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ABSTRACT
In  t h e  work r e p o r t e d  h e r e ,  a method was d e v e l o p e d  f o r
rem ov ing  f e r r o c y a n i d e  from w a t e r  s o l u t i o n s .  The
f e r r o c y a n i d e  was r e a c t e d  w i t h  m e t h y l - t r i c a p r y l - a m m o n i u m
c h l o r i d e ,  t h e n  p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  f e r r o u s  i o n .
The p r e c i p i t a t e  was removed by b u b b l e  column f l o t a t i o n .  The
s t o i c h i o m e t r y  o f  t h e  r e a c t i o n  b e tw e e n  t h e  s u r f a c t a n t  and t h e
f e r r o c y a n i d e  was d e t e r m i n e d  t o  be  3 p a r t s  o r g a n i c  t o  1 p a r t
f e r r o c y a n i d e .  D osages  o f  f e r r o u s  i r o n  had t o  be  h i g h  enough
-3
t o  p r o d u c e  a c o n c e n t r a t i o n  o f  4 .5 x 1 0  m o la r  Fe++ i n  o r d e r  
t o  c a u s e  p r e c i p i t a t i o n .  The l a b o r a t o r y  s c a l e  f l o t a t i o n  
column was c a p a b l e  o f  rem oving  p r e c i p i t a t e d  f e r r o c y a n i d e  
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The i r o n  and s t e e l  i n d u s t r y  has  t h e  p o t e n t i a l  t o  e m i t  
many t o x i c  s u b s t a n c e s  a s  w a t e r  p o l l u t a n t s .  In  1974 t h e  U.
S.  E n v i r o n m e n t a l  P r o t e c t i o n  Agency (EPA) p ro d u c e d  a 
" D eve lop m en t  Document" w h ich  s e t  o u t  p r o p o s e d  " E f f l u e n t  
l i m i t a t i o n s  g u i d e l i n e s "  f o r  t h e  s t e e l - m a k i n g  i n d u s t r y  ( 1 ) .  
T hese  have  become r e g u l a t i o n s  in  e s s e n t i a l l y  u n c h an ged  form  
( 2 ) .  I n  t h e  d e v e l o p m e n t  d o c u m e n t ,  t h e  s t e e l - m a k i n g  p r o c e s s  
was d i v i d e d  i n t o  u n i t  o p e r a t i o n s ,  e a c h  o f  w h ich  was t r e a t e d  
s e p a r a t e l y .  W hile  e a c h  u n i t  o p e r a t i o n  h as  a u n iq u e  s e t  o f  
c o n t a m i n a n t s ,  and t h e r e f o r e  r e q u i r e s  a d i f f e r e n t  r e g u l a t o r y  
a p p r o a c h ,  some s h a r e  one or  more s p e c i f i c  p o l l u t a n t s .  Two 
o f  t h e s e  o p e r a t i o n s  a r e  b y - p r o d u c t  c o k e -m a k in g  and 
b l a s t - f u r n a c e  i r o n - m a k i n g .  Both  c o n t a m i n a t e  w a t e r  t h r o u g h  
o f f - g a s  s c u b b i n g  s y s t e m s ,  and b o t h  p r o d u c e  c y a n i d e s  w h ic h  
a p p e a r  i n  t h a t  w a t e r .
C y a n id e s  have  b e en  d e f i n e d  (3) " . . . a s  o r g a n i c  o r  
i n o r g a n i c  compounds w h ic h  c o n t a i n  t h e  -CN g r o u p . "  The m ost  
t o x i c  o f  t h e  c y a n i d e s  i s  h y d r o g e n  c y a n i d e  (HCN) w h ich  a t  
room t e m p e r a t u r e  i s  a g a s  t h a t  i s  s o l u b l e  i n  w a t e r ,  w i t h  
s o l u b i l i t y  i n c r e a s i n g  w i t h  pH. HCN i s  n o t  common i n  n a t u r e ,  
b e c a u s e  i t  i s  h i g h l y  r e a c t i v e  and t h e  -CN r a d i c a l  r e a d i l y  
fo rm s  many c o m p l e x e s .
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Among t h e  m ost  s t a b l e  o f  t h e  t r a n s i t i o n  m e t a l  c o m p lexes  
a r e  t h e  i r o n  c y a n i d e s .  The s i m p l e  c o m p lex e s  o f  t h e  f e r r o u s  
(Fe++) and f e r r i c  (Fe+++) i o n s  b o th  c o n t a i n  s i x  -CN 
r a d i c a l s ,  and have  n e t  v a l e n c e  o f  m inus  f o u r  and m inus  t h r e e  
r e s p e c t i v e l y .  The f e r r o c y a n i d e  c o m p lex ,  w h ic h  i s  c o n s i d e r e d  
i n  t h i s  w ork ,  i s  q u i t e  s t a b l e ,  w i t h  an e q u i l i b r i u m  c o n s t a n t
g
o f  a b o u t  10 when form ed from f e r r o u s  and c y a n i d e  i o n s  ( 4 ) .  
Thus t h e  f e r r o c y a n i d e  com plex  w i l l  n o t  decompose t o  r e l e a s e  
s i g n i f i c a n t  am oun ts  o f  f r e e  c y a n i d e  i o n s  u n l e s s  ex p o sed  t o  
u l t r a v i o l e t  l i g h t .  I n  s u n l i g h t ,  t h e r e f o r e ,  i t  can  b r e a k  
down and p u t  t o x i c  -CN i n t o  t h e  e n v i r o n m e n t .  F e r r o c y a n i d e  
i t s e l f  i s  n o t  p a r t i c u l a r l y  t o x i c ,  and i s  n o t  s u b j e c t  t o  
s p e c i f i c  r e g u l a t i o n .
F e r r o c y a n i d e  a p p e a r s  i n  t h e  r e c i r c u l a t i n g  wash w a t e r  
f o r  b l a s t  f u r n a c e  g a s - s c r u b b e r  s y s t e m s .  A t y p i c a l  sy s te m  
s c h e m a t i c  i s  shown i n  F i g u r e  1 ( 5 ) .  The p r i m a r y  p u r p o s e  o f  
t h e s e  s y s t e m s  i s  t o  remove e n t r a i n e d  d u s t  f rom t h e  b l a s t  
f u r n a c e  o f f - g a s  b e f o r e  i t  i s  b u rn e d  i n  t h e  s t o v e s  u se d  t o  
p r e h e a t  t h e  b l a s t  a i r  f o r  t h e  f u r n a c e .  The d u s t  c o n t a i n s  a 
c o n s i d e r a b l e  amount  o f  f i n e  i r o n  o x i d e  p a r t i c l e s ,  w h ich  
l e a d s  t o  a h i g h  c o n c e n t r a t i o n  o f  f e r r o u s  i o n  i n  t h e  s c r u b b e r  
w a t e r .  Any HCN i n  t h e  o f f - g a s  w i l l  a l s o  t e n d  t o  d i s s o l v e  i n  












































com plexed  by t h e  i r o n  i n  t h e  s y s t e m .
W ate r  v a p o r  i s  a l s o  a c o n s t i t u e n t  o f  t h e  o f f - g a s .  I t  
e n t e r s  t h e  s y s te m  i n  t h e  c h a r g e  m a t e r i a l s  and some may be 
formed by r e a c t i o n s  i n  t h e  f u r n a c e .  T h is  w a t e r  w i l l  
c o n d e n s e  i n  a w e t  s c r u b b e r  so  t h a t  t h e r e  w i l l  be  a b u i l d - u p  
o f  w a t e r  i n  t h e  s c r u b b e r  s y s t e m .  T h is  makes t o t a l  r e c y c l i n g  
o f  s c r u b b e r  w a t e r s  i m p o s s i b l e ,  and a b l e e d  s t r e a m  i s  
n e c e s s a r y  t o  remove t h e  e x c e s s .  Such a s t r e a m  i s  o f t e n  
c a l l e d  a "b low down" i n  i n d u s t r i a l  j a r g o n ,  and i t  i s  t h i s  
s t r e a m  t h a t  r e q u i r e s  t r e a t m e n t .  O t h e r  p o l l u t a n t s  o c c u r  in  
t h e s e  s t r e a m s ,  w i t h  p h e n o l ,  ammonia,  s u l f i d e s ,  and s u s p e n d e d  
s o l i d s  b e i n g  t h e  m ost  s i g n i f i c a n t .  C y a n id e  c o n c e n t r a t i o n s  
can  v a r y  from n e a r  z e r o  t o  a t  l e a s t  24 m g/1 ,  w i t h  t h e  o t h e r  
p o l l u t a n t s  a l s o  v a r y i n g  w i d e l y ,  s e e  (Appendix  C ) . Few a c t u a l  
d a t a  a r e  a v a i l a b l e ,  s i n c e  t h e y  a r e  c o n s i d e r e d  m os t  s e n s i t i v e  
by t h e  c o m p a n ie s  i n  t h e  i n d u s t r y  and a r e  t h e r e f o r e  k e p t  
c o n f  i d e n t i a l .
The EPA r e g u l a t i o n s  p l a c e  l i m i t s  on t h e  volume o f  t h e  
b l e e d  s t r e a m  ( 6 ) •  For i r o n  b l a s t  f u r n a c e s ,  t h e  e f f l u e n t  i s  
l i m i t e d  t o  a f lo w  o f  125 g a l l o n s  p e r  t o n  o f  i r o n  p r o d u c t  
(521 l i t e r s / 1 0 0 0  k i l o g r a m s ) . A l l  p o l l u t a n t  l e v e l s  a r e  t h e n  
s p e c i f i e d  i n  e i t h e r  pounds p e r  t h o u s a n d  pounds  ( l b s / lO O O lb s )  
or  k i l o g r a m s  p e r  t h o u s a n d  k i l o g r a m s  (kg/lOOOkg) o f  p r o d u c t ,
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r a t h e r  t h a n  a maximum c o n c e n t r a t i o n  i n  t h e  b l e e d  s t r e a m .
For c y a n i d e s ,  t h e  method o f  a n a l y s i s  i s  s p e c i f i e d  as  
" c y a n i d e s  a m e n a b le  t o  c h l o r i n a t i o n  a s  d e s c i b e d  i n  1972 
a n n u a l  book o f  ASTM S t a n d a r d s ,  1972 ,  S t a n d a r d  D 2036-2 ,  
method b ,  p ag e  553" ( 7 ) .  The Code o f  F e d e r a l  R e g u l a t i o n s  
l i s t s  t h r e e  s e t s  o f  l i m i t a t i o n s  f o r  e a c h  " s u b c a t e g o r y "  o f  
p o l l u t a n t  s o u r c e .  These  a r e  t h e  " B e s t  P r a c t i c a b l e  C o n t r o l  
T ec h n o lo g y  C u r r e n t l y  A v a i l a b l e "  (BPCTCA), t h e  " B e s t  
A v a i l a b l e  T e c h n o lo g y  E c o n o m ic a l l y  A c h i e v a b l e "  (BATEA), and 
t h e  " S t a n d a r d s  o f  P e r f o r m a n c e  f o r  New S o u r c e s "  (NSPS)• In  
t h e  c a s e  o f  t h e  b l a s t  f u r n a c e  s u b c a t e g o r y ,  t h e  BATEA and 
NSPS s t a n d a r d s  a r e  t h e  same.  In  t h e s e  c a t e g o r i e s ,  a l l o w a b l e  
c y a n i d e  l e v e l s  a r e  a maximum o f  0 .0 0 0 4  kg/lOOOkg f o r  any one 
day  and 0 .0 0 0 1 3  kg/lOOOkg d a i l y  a v e r a g e  f o r  t h i r t y  
c o n s e c u t i v e  d a y s  ( s e e  A ppend ix  D ) .
The BATEA and NSPS s t a n d a r d s  a r e  t h e  b a s i s  f o r  t h i s  
work s i n c e  t h e y  m ust  be m et  by 198 3 ,  s u b j e c t  t o  
C o n g r e s s i o n a l  or  J u d i c i a l  m o d i f i c a t i o n .  I f  one u s e s  t h e  
maximum w a t e r  f l o w  (521 l i t e r s / 1 0 0 0 k g  o f  p r o d u c t ) ,  and t h e  
a l l o w a b l e  a v e r a g e  c y a n i d e  l i m i t a t i o n ,  t h e n  t h e  c a l c u l a t e d  
a l l o w a b l e  c o n c e n t r a t i o n  i s  0 . 2 5  p a r t s  p e r  m i l l i o n  (by m a s s ) .  
T h is  i s  t h e  t a r g e t  c o n c e n t r a t i o n  f o r  t h e  e x p e r i m e n t a l  work 
r e p o r t e d  h e r e .
ER-25 56 6
The o t h e r  u n i t  o p e r a t i o n  i n  s t e e l - m a k i n g  t h a t  can  
p r o d u c e  c y a n i d e  i s  b y - p r o d u c t  c o k e - m a k in g .  I n  f a c t ,  some 
c y a n i d e  o c c u r r i n g  i n  t h e  i r o n  b l a s t  f u r n a c e  o f f - g a s  i s  
c a r r i e d  i n  on coke  and t h e n  i s  v o l a t i l i z e d .
T h e re  a r e  many w a t e r  s t r e a m s  from a coke  p l a n t ,  a s  
shown i n  F i g u r e  2 ,  b u t  t h e y  a r e  u s u a l l y  combined  i n t o  one 
f o r  t r e a t m e n t .  Most  o f  t h e s e  s t r e a m s  a r e  f rom m u l t i - s t a g e  
g a s - s c r u b b e r  s y s t e m s ;  one p r i m a r y  s t r e a m ,  h o w e v e r ,  i s  t h e  
q u e n c h  w a t e r  from t h e  coke  q u e n c h i n g  t o w e r .  W hile  
r e c i r c u l a t i o n  i s  p r a c t i c e d  t o  a s  g r e a t  an e x t e n t  as  
p o s s i b l e ,  t h e  same p ro b lem  e x i s t s  f o r  t h e  coke  p l a n t  a s  f o r  
t h e  b l a s t  f u r n a c e ?  t h a t  i s ,  more w a t e r  i s  c o n t i n u a l l y  b e in g  
c a r r i e d  i n t o  t h e  p l a n t  i n  t h e  c h a r g e .  T h is  w a t e r  i s  
v a p o r i z e d  i n  t h e  co ke  o v e n s  and w i l l  c o n d e n s e  i n  t h e  
g a s - s c r u b b e r s ,  n e c e s s i t a t i n g ,  a s  i n  t h e  b l a s t  f u r n a c e  
o f f - g a s  s c r u b b e r s ,  a b l e e d - o f f  or  b low-down o f  e x c e s s  w a t e r .  
T h i s  b l e e d  s t r e a m  c o n t a i n s  ammonia, c y a n i d e ,  o i l  and g r e a s e ,  
p h e n o l ,  s u l f i d e s ,  and s u s p e n d e d  s o l i d s  a s  p o l l u t a n t s  t h a t  
a r e  t o  be c o n t r o l l e d  ( s e e  A ppend ix  E ) . I n  a d d i t i o n ,  a 
c h a r a c t e r i s t i c  c a l l e d  " b i o c h e m i c a l  oxygen demand" (BOD) i s  
t o  be  c o n t r o l l e d .  Of m ost  r e l e v a n c e  t o  t h i s  w ork ,  c y a n i d e  
c o n c e n t r a t i o n s  a s  h i g h  a s  110 mg/1 a r e  e n c o u n t e r e d .  I t  must  
be  n o t e d  t h a t  c y a n i d e  i s  p r e s e n t  p r i m a r i l y  i n  i t s  f r e e  or 













































As f o r  t h e  i r o n  b l a s t  f u r n a c e ,  t h e  t o t a l  e f f l u e n t  f lo w  
from a coke  p l a n t  i s  r e g u l a t e d .  The maximum d e s i r e d  f lo w  i s  
417 l i t e r s / l O O O k g  o f  coke  p r o d u c e d  ( 8 ) ,  The s t a n d a r d  f o r  
c y a n i d e  becomes 0 ,0 0 0 1  kg/lOOOkg t o  m ee t  a d e s i r e d  maximum 
c o n c e n t r a t i o n  o f  0 . 2 5  m g/1 ,  t h e  same a s  f o r  t h e  i r o n  b l a s t  
f u r n a c e .  These  a r e  t h e  BATEA s t a n d a r d s  w h ic h  a r e  t h e  same
a s  t h e  NSPS f o r  t h i s  s u b c a t a g o r y ,  a g a i n  s i m i l a r  t o  t h e  b l a s t
f u r n a c e  r e g u l a t i o n s .  A c o m p l e t e  l i s t i n g  o f  t h e  s t a n d a r d s  
can  be  fou n d  i n  A ppend ix  F . .
PRESENT METHODS OF TREATMENT
I t  i s  d i f f i c u l t  t o  s u r v e y  t h e  l i t e r a t u r e  c o n c e r n i n g  
p o l l u t i o n  c o n t r o l  b e c a u s e  o f  t h e  s e c r e c y  s u r r o u n d i n g  much o f  
t h e  work on t h e  p r o b l e m .  S e c r e c y  i s  e a s y  t o  u n d e r s t a n d ,  
w i t h  t h e  c u r r e n t  a n t i - p o l l u t i o n  f e r v o r  i n  many s e c t o r s  o f  
t h e  c o u n t r y .  Any company w i t h  a p o l l u t i o n  p ro b lem  i s  n o t  
v o l u n t a r i l y  g o in g  t o  r e l e a s e  any  i n f o r m a t i o n  a b o u t  t h a t  
p ro b lem  w h ich  m ig h t  c a u s e  t h e  company harm i n  c o u r t  or  i n  
p u b l i c  o p i n i o n .  L i t t l e  h a r d  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  
p e r f o r m a n c e  o f  c u r r e n t l y - u s e d  p o l l u t i o n  c o n t r o l  t e c h n o l o g y ,  
p a r t i c u l a r l y  w i t h  r e s p e c t  t o  a w e l l  known t o x i c  p o l l u t a n t  
l i k e  c y a n i d e .  I t  i s  t h u s  d i f f i c u l t  t o  e v a l u a t e  and com pare  
t h e  v a r i o u s  e x i s t i n g  and p r o p o s e d  t r e a t m e n t  m e th od s  e x c e p t
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i n  t h e  m ost  g e n e r a l  t e r m s .
The d e s i r a b l e  f e a t u r e s  o f  a t r e a t m e n t  p r o c e s s  f o r  
c y a n i d e - c o n t a i n i n g  e f f l u e n t s  o f  a s t e e l  p l a n t  a r e  e a s y  t o  
o u t l i n e  i n  b r o a d  t e r m s .  C e r t a i n  c h a c t e r i s t i c s  o f  b l a s t  
f u r n a c e  i r o n -  and b y - p r o d u c t  c o k e -m a k in g  d e t e r m i n e  some of  
t h e  f e a t u r e s .  The b l a s t  f u r n a c e  p l a n t s  v i s i t e d  by t h e  EPA 
i n  p r e p a r i n g  t h e  1974 d e v e l o p m e n t  docum ent  (9) p r o d u c e d  from 
1 ,3 2 0  t o  8 ,0 0 0  t o n s  o f  i r o n  p e r  d a y ,  w h i l e  some p l a n t s  
c o n s i d e r e d  f o r  v i s i t s  p r o d u c e d  a s  much as  1 3 ,7 0 0  t p d .  At 
521 l i t e r s / 1 0 0 0 k g  (125 g a l / t o n ) ,  t h i s  means t h a t  e f f l u e n t  
f l o w s  c o u l d  be a s  h i g h  a s  1 . 7  m i l l i o n  g a l l o n s  p e r  day  or 
a b o u t  1200 g a l l o n s  p e r  m i n u t e .  Remembering t h a t  i t  t a k e s  
0 . 5  t o n  o f  coke  t o  p r o d u c e  1 .0  t o n  of  i r o n  ( 1 0 ) ,  and t h a t  
t h e  d e s i r e d  e f f l u e n t  f l o w  i s  417 l i t e r s / 1 0 0 0  Kg o f  coke  
p r o d u c e d  (100 g a l / t o n ) ,  t h e n  c o ke  p l a n t  e f f l u e n t  f l o w s  c o u l d  
r e a c h  6 8 5 ,0 0 0  g a l l o n s  p e r  day  or  475 g a l l o n  p e r  m i n u t e .
T h i s  i n d i c a t e s  t h e  need  f o r  w a s t e  t r e a t m e n t  p r o c e s s e s  w i t h  
s h o r t  r e t e n t i o n  t i m e s  t o  m in i m iz e  e q u ip m e n t  s i z e  and hen ce  
l a n d  u s e ,  w hich  i s  i m p o r t a n t  a t  many i n n e r - c i t y  s t e e l  
p l a n t s .  A n o th e r  and p e r h a p s  o v e r - r i d i n g  c r i t e r i o n  i s  t h a t  
t h e  o v e r a l l  t r e a t m e n t  s h o u l d  r e d u c e  t h e  c o n t r o l l e d  e f f l u e n t  
c h a r a c t e r i s t i c s  t o  a c c e p t a b l e  v a l u e s .  F i n a l l y ,  t h e  p r o c e s s  
c a p i t a l  and o p e r a t i n g  c o s t s  s h o u l d  be a s  low a s  p o s s i b l e  a s  
t h e s e  c o s t s  a r e  added  d i r e c t l y  t o  t h e  c o s t  o f  t h e  i r o n  and
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s t e e l  p r o d u c t i o n .
T r e a t m e n t s  e x i s t  t h a t  m e e t  t h e  above  c r i t e r i a  f o r  a l l  
o f  t h e  p o l l u t a n t s  i n  b l a s t  f u r n a c e  and coke  p l a n t  w a t e r s  
e x c e p t  c y a n i d e .  C y a n id e  p r e s e n t s  s p e c i a l  p r o b l e m s ,  
p a r t i c u l a r l y  i n  i t s  f o r m a t i o n  o f  v e r y  s t a b l e  c o m p le x e s .  
F e r r o c y a n i d e ,  w hich  i s  t h e  m os t  common complex  e n c o u n t e r e d  
i n  s t e e l  p l a n t s ,  i s ,  a s  m e n t i o n e d  e a r l i e r ,  v e r y  s t a b l e ,  
b r e a k i n g  down o n ly  u n d e r  u l t r a v i o l e t  l i g h t .  T h is  c a u s e s  
s e v e r e  d i f f i c u l t i e s  f o r  p r o c e s s e s  t h a t  a t t e m p t  t o  remove 
c y a n i d e  by c h e m ic a l  o x i d a t i o n .  A l l  c u r r e n t  t r e a t m e n t  
s y s t e m s  f o r  i n d u s t r i a l  w a s t e  w a t e r  r e l y  on c h e m ic a l  
o x i d a t i o n  f o r  c y a n i d e  r e m o v a l .  Many new t e c h n i q u e s  have  
b e en  p r o p o s e d  t h a t  do n o t  u se  o x i d a t i o n ,  b u t  no work h a s  
b een  r e p o r t e d  on a n y t h i n g  l a r g e r  t h a n  l a b o r a t o r y  s c a l e .  For 
t h i s  r e a s o n  no v a l i d  c o m p a r i s o n s  a b o u t  r e l a t i v e  p e r f o r m a n c e  
can  be  drawn u n t i l  f u l l  s c a l e  or  c l o s e  t o  f u l l  s c a l e  s y s te m s  
have  b e e n  t e s t e d .
Chi or i n a t i o n
C h l o r i n a t i o n  i s  one o f  t h e  o l d e s t  o f  t h e  co m m erc ia l  
p r o c e s s e s  f o r  t r e a t i n g  w a s t e  w a t e r s  c o n t a i n i n g  c y a n i d e .  I t  
u s e s  h y p o c h l o r i t e  s o l u t i o n s  or d i s s o l v e d  c h l o r i n e  g a s  t o  
o x i d i z e  t h e  c y a n i d e .  H y p o c h l o r i t e  s o l u t i o n s  a r e  g e n e r a l l y
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u sed  o n l y  i n  v e r y  s m a l l  s c a l e  a p p l i c a t i o n s ,  s i n c e  c h l o r i n e  
g a s  i s  l e s s  e x p e n s i v e  i n  l a r g e  q u a n t i t i e s .  The n a t u r e  o f  
t h e s e  r e a g e n t s  c a u s e s  p r o b l e m s  i n  h a n d l i n g  and u s e .  Both  
a r e  t o x i c  and c o r r o s i v e  i n  m os t  s y s t e m s .  C h l o r i n e  g a s  
s y s t e m s  m us t  be  c l o s e l y  m o n i t o r e d  f o r  l e a k s ,  and t o  i n s u r e  
t h a t  a l l  o f  t h e  g a s  i s  r e a c t i n g  or d i s s o l v i n g  i n  t h e  w a t e r  
and t h a t  none i s  b e i n g  r e l e a s e d  i n t o  t h e  a t m o s p h e r e  of  t h e  
p l a n t .  E x c e s s  c h l o r i n e  i s  n e ed e d  t o  d r i v e  t h e  o x i d a t i o n  
r e a c t i o n s  t o  c o m p l e t i o n ,  w h ich  l e a d s  t o  s e c o n d a r y  p o l l u t i o n  
p r o b le m s  b o t h  w i t h  t h e  r e a g e n t s  t h e m s e l v e s  and p o s s i b l y  w i t h  
t h e  f o r m a t i o n  o f  c h l o r i n a t e d  h y d r o c a r b o n s .  F u r t h e r ,  t h i s  
t e c h n i q u e  i s  n o t  a b l e  t o  b r e a k  down t h e  f e r r o c y a n i d e  
c o m p le x ,  w h ich  i s  t h e  main  p ro b lem  t h i s  work i s  a t t e m p t i n g  
t o  a d d r e s s .  F i n a l l y ,  c h l o r i n a t i o n  s y s t e m s  h ave  lo n g  
r e t e n t i o n  t i m e s ,  i n  t h e  r a n g e  of  s e v e r a l  h o u r s .
O z o n a t i o n
A l th o u g h  t h e  f i r s t  o z o n a t i o n  p l a n t  was b u i l t  i n  F r a n c e  
a t  a b o u t  t h e  t u r n  o f  t h e  c e n t u r y  ( 1 1 ) ,  i t  h a s  o n l y  r e c e n t l y  
b e en  w i d e l y  a p p l i e d  i n  t h i s  c o u n t r y .  Ozone i s  u se d  a s  t h e  
o x i d a n t  i n  t h i s  p r o c e s s ,  and h a s  s e v e r a l  a d v a n t a g e s  o v e r  
c h l o r i n a t i o n .  T h e r e  i s ,  h o w e v e r ,  one d i s a d v a n t a g e ;  ozone  
m us t  be  g e n e r a t e d  o n - s i t e .  T h i s  i n c r e a s e s  c a p i t a l  c o s t ,  
b e c a u s e  o f  t h e  ozone  g e n e r a t o r ,  b u t  t h a t  may be o f f s e t  by
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t h e  a d v a n t a g e s  o f  t h e  p r o c e s s .  Ozone i s  t o x i c ,  b u t  d o e s  n o t  
p r e s e n t  t h e  h a n d l i n g  p ro b le m  t h a t  c h l o r i n e  d o e s .  N e i t h e r  
w i l l  i t  r e m a in  i n  t h e  t r e a t e d  w a t e r  l o n g  enough  t o  c a u s e  
s e c o n d a r y  p o l l u t i o n  p r o b l e m s .  The p r o c e s s  i s  f a s t e r  t h a n  
c h l o r i n a t i o n  and w i l l  r e q u i r e  s m a l l e r  f a c i l i t i e s ,  w h ich  may 
h e l p  t o  o f f s e t  t h e  c o s t  o f  t h e  ozone  g e n e r a t i o n  p l a n t .
W hi le  t h i s  p r o c e s s  h a s  t h e s e  a d v a n t a g e s ,  i t  w i l l  n o t  remove 
i r o n - c y a n i d e  c o m p le x e s  w i t h o u t  a s s i s t a n c e .  A t e c h n i q u e  t h a t  
c o m b in es  o z o n a t i o n  w i t h  e x p o s u r e  t o  u l t r a v i o l e t  l i g h t  h a s  
b e en  d e m o n s t r a t e d  on a l a b o r a t o r y  s c a l e  ( 1 2 ) .  The t e s t  work 
was c a r r i e d  o u t  on f e r r i c y a n i d e  s o l u t i o n s ,  and i t s  
a p p l i c a b i l i t y  t o  s t e e l  p l a n t  w a s t e s  t h a t  c o n t a i n  
f e r r o c y a n i d e  i s  t h e r e f o r e  q u e s t i o n a b l e .  A l s o ,  a s  can  be 
s e e n  from  F i g u r e  3 ,  t h e  p r o c e s s  d o e s  t a k e  c o n s i d e r a b l e  t i m e .  
I t  i s  i m p o r t a n t  t o  n o t e  t h a t  i t  t a k e s  a p p r o x i m a t e l y  100 
m i n u t e s  t o  p r o d u c e  an a c c e p t a b l e  e f f l u e n t  f rom m a t e r i a l  t h a t  
s t a r t s  w i t h  a c o n c e n t r a t i o n  a t  t h e  low end o f  w h a t  can  be  
e x p e c t e d  a s  f e e d  i n  an  i n d u s t r i a l  p r o c e s s .
B i o l o g i c a l  T r e a t m e n t
The o l d e s t  and a l s o  t h e  n e w e s t  fo rm  o f  w a s t e  w a t e r  
t r e a t m e n t ,  b i o l o g i c a l  o x i d a t i o n ,  i s  r a p i d l y  e x p a n d i n g  i n  i t s  
a p p l i c a t i o n .  With t h e  a b i l i t y  t o  t a i l o r  t h e  o r g a n i s m s  u se d  















































t h e  g r e a t e s t  p o t e n t i a l  f o r  t r e a t m e n t  o f  any s o r t  o f  w a s t e .  
The a b i l i t y  t o  t a i l o r  t h e  m i c r o - o r g a n i s m s  t o  t h e  sy s te m  
s h o u l d  a l s o  e l i m i n a t e  s e c o n d a r y  p o l l u t i o n  by t h e  t r e a t m e n t  
p r o c e s s .  Much work i s  b e i n g  done  i n  t h i s  a r e a ,  p a r t i c u l a r l y  
w i t h  r e s p e c t  t o  coke  p l a n t  w a s t e s  ( 1 3 , 1 4 ) .  These  s t u d i e s  
c o n c e n t r a t e  on t r e a t i n g  ammonia,  w i t h  l i t t l e  a t t e n t i o n  p a i d  
t o  c y a n i d e  r e m o v a l .  One s t u d y  (15) showed t h a t  r e t e n t i o n  
t i m e s  f o r  t h e  e n t i r e  t r e a t m e n t  can  be a s  l o n g  a s  8 h o u r s .  
T h i s  i s  t h e  p r i m a r y  p ro b lem  w i t h  t h i s  a p p r o a c h .  None o f  t h e  
s t u d i e s  m e n t i o n s  f e r r o c y a n i d e ,  so t h e  p o s s i b i l i t y  f o r  i t s  
rem ova l  r e m a in s  a q u e s t i o n .
M i s c e l l a n e o u s  T r e a t m e n t s
Many o t h e r  t r e a t m e n t  m ethods  have  b een  s u g g e s t e d  f o r  
w a s t e s  c o n t a i n i n g  c y a n i d e .  W hile  t h e y  lo o k  p r o m i s i n g ,  few ,  
i f  a n y ,  have  been  d e v e l o p e d  beyond a l a b o r a t o r y  s c a l e .
These  i n c l u d e  e l e c t r o l y s i s  ( 1 6 ) ,  i o n  e x c h a n g e  (17) , and 
p r e c i p i t a t i o n  by i n o r g a n i c  r e a g e n t s  ( 1 8 ) .  Any r e a d i n g  o f  
t h e  a n n u a l  l i t e r a t u r e  s u r v e y  i s s u e  o f  t h e  J o u r n a l  o f  t h e  
W ater  P o l l u t i o n  C o n t r o l  F e d e r a t i o n  w i l l  p r o d u c e  a l a r g e  
number o f  r e f e r e n c e s  on t h i s  s u b j e c t .  The work r e p o r t e d  
h e r e  i s  o f  t h e  same n a t u r e ,  b e i n g  p r e l i m i n a r y  l a b o r a t o r y  
d e v e l o p m e n t .  S in c e  t h e  o n l y  c r i t e r i o n  t h a t  w i l l  be u sed  i n  
i n d u s t r y  t o  c h o o se  b e tw e e n  t r e a t m e n t  s y s t e m s  t h a t  p r o d u c e
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e f f l u e n t s  t h a t  a r e  a c c e p t a b l e  i s  t h e  o v e r a l l  c o s t  o f  
p u r c h a s i n g ,  i n s t a l l i n g ,  and o p e r a t i n g  s a i d  s y s t e m s ,  d e t a i l e d  
c o m p a r i s o n s  o f  l a b o r a t o r y  s c a l e  t e s t s  w i l l  s a y  v e r y  l i t t l e  
a b o u t  t h e  f i n a l  s e l e c t i o n  T h e r e f o r e ,  o n l y  g e n e r a l  
o b s e r v a t i o n s  w i l l  be  made a b o u t  t h e  c o m p a r a t i v e  a d v a n t a g e s  
or  d i s a d v a n t a g e s  o f  t h e  i o n - p r e c i p i t a t e  f l o t a t i o n  s y s te m  
i n v e s t i g a t e d  h e r e .
THE ION-PRECIPITATE FLOTATION APPROACH -
The c o n c e p t  o f  I o n - p r e c i p i t a t e  f l o t a t i o n  can  be  r e l a t e d  
t o  t h e  l e a c h - p r e c i p i t a t i o n - f l o t a t i o n  s y s te m  o f  P h e lp s - D o d g e  
C o r p o r a t i o n  a t  M o r e n c i ,  A r i z o n a .  In  t h i s  s y s te m  f o r  
r e c o v e r i n g  o x i d i z e d  c o p p e r ,  t h e  o x i d e s  w e re  l e a c h e d  w i t h  
s u l f u r i c  a c i d ,  t h e  c o p p e r  i n  s o l u t i o n  was p r e c i p i t a t e d  by 
c e m e n t a t i o n  w i t h  f i n e  i r o n  p a r t i c l e s ,  and t h e  r e s u l t a n t  
c o p p e r  p a r t i c l e s  w e re  r e c o v e r e d  by c o n v e n t i o n a l  f l o t a t i o n .  
The o n l y  d i f f e r e n c e  i n  c o n c e p t  b e tw e e n  t h a t  sy s te m  and t h e  
one p r o p o s e d  h e r e  i s  t h a t  t h e  m a t e r i a l  t o  be r e c o v e r e d  
e n t e r s  t h e  s y s te m  a s  an i o n ,  and d o e s  n o t  have  t o  be 
l e a c h e d .  For t h e  t r e a t m e n t  o f  w a s t e s  c o n t a i n i n g  
f e r r o c y a n i d e ,  a sy s te m  c o n s i s t i n g  o f  p r e c i p i t a t i o n  of  t h e  
f e r r o c y a n i d e  by an o r g a n i c  compound and rem ova l  by b u b b l e  
column f l o t a t i o n  i s  b e i n g  p r o p o s e d .  Some of  t h e  a d v a n t a g e s  
o f  su c h  a s y s te m  would  be low r e s i d e n c e  t im e  and e a s y
ER-2556 16
h a n d l i n g  o f  t h e  p o l l u t a n t  p r o d u c t ,  a s o l i d  p r e c i p i t a t e .
T h i s  sy s t e m  s h o u l d  p r o v i d e  a h i g h  c a p a c i t y  p r o c e s s  t h a t  can 
t r e a t  l a r g e  e f f l u e n t  f l o w r a t e s  i n  a s m a l l  s p a c e .  I t  may n o t  
be a b l e  t o  mee t  r e g u l a t o r y  e f f l u e n t  s t a n d a r d s  by i t s e l f ,  b u t  
i t  s h o u l d  be a b l e  t o  remove t h e  b u l k  o f  t h e  f e r r o c y a n i d e ,  
l e a v i n g  f i n a l  p o l i s h i n g  of  t h e  e f f l u e n t  t o  p r o c e s s e s  t h a t  
would be  o v e r l o a d e d  w i t h  h i g h e r  c o n c e n t r a t i o n s  i n  t h e  f e e d .
Bubble  column f l o t a t i o n  i s  a p r o c e s s  o f  f r o t h  f l o t a t i o n
i n  a " c e l l "  t h a t  i s  much t a l l e r  w i t h  r e s p e c t  t o  i t s  c r o s s
s e c t i o n  t h a n  a c o n v e n t i o n a l  c e l l .  Wh i l e  no a b s o l u t e  
s t a n d a r d  was s e t  f o r t h  i n  t h e  l i t e r a t u r e ,  a h e i g h t  t o  
d i a m e t e r  r a t i o  o f  s i x  t o  one i s  o c c a s i o n a l l y  p r o p o s e d  a s  a 
minimum f o r  a " co lum n" .  Columns a r e  e s p e c i a l l y  a d a p t a b l e  t o  
p r e c i p i t a t e  f l o t a t i o n  b e c a u s e  o f  t h e i r  u n i q u e  o p e r a t i n g  
c o n d i t i o n s .  I n l e t s  a r e  u s u a l l y  n e a r  t h e  t o p  so  t h a t  t h e r e
i s  a c o u n t e r - c u r r e n t  c o n t a c t  be tw ee n  t h e  a i r  b u b b l e s  and t h e
f e e d  m a t e r i a l .  No m e c h a n i c a l  a g i t a t i o n  i s  p r o v i d e d ?  a l l  
m ix ing  i s  due t o  t h e  f l o w  of  a i r  b u b b l e s  c o u n t e r  t o  t h e  f l o w  
o f  l i q u i d ,  so t h e r e  i s  l e s s  s h e a r  t h a n  e n c o u n t e r e d  i n  
m e c h a n i c a l l y  a g i t a t e d  s y s t e m s .  Lower s h e a r  f o r c e s  a l l o w  f o r  
weake r  b u b b l e - p a r t i c l e  a t t a c h m e n t ,  and t h e  a t t a c h m e n t  o f  
s m a l l e r  p a r t i c l e s  such  a s  p r e c i p i t a t e s .  The s y s t e m s  
e n c o u n t e r e d  i n  i o n - p r e c i p i t a t e  f l o t a t i o n  a l s o  u se  v e r y  s m a l l  
b u b b l e s  t o  e n c o u r a g e  s m a l l  p a r t i c l e  a t t a c h m e n t .  W i l son  (19)
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u s e s  a s i m p l e  hyd r ody nam ic  model  t o  show t h a t  b u b b l e s  i n  t h e  
s i z e  r a n g e  of  0 , 2  t o  0 . 7  m i l l i m e t e r  a r e  t h e  b e s t  i n  t y p i c a l  
p r e c i p i t a t e  s y s t e m s .
The a p p l i c a t i o n  of  i o n  p r e c i p i t a t e  f l o t a t i o n  t o  t h e  
removal  o f  c y a n i d e  f rom a q u e o u s  s o l u t i o n s  i s  n o t  new.
G r i e v e s  and B h a t t a c h a r y y a  ( 2 0 , 2 1 , 2 2 )  have  been  w o r k i n g  on 
su ch  an i d e a  s i n c e  1969 .  I n  t h e i r  s y s t e m ,  c y a n i d e  a t  
c o n c e n t r a t i o n s  o f  40 and 80 mg/1 was complexed  w i t h  Fe++ i n  
NaCl s o l u t i o n s .  The p r e c i p i t a t e s  t h u s  formed  we r e  removed 
by "foam s e p a r a t i o n "  u s i n g  a c a t i o n i c  s u r f a c t a n t ,  
e t h y l - h e x a d e c y 1 - d i m e t h y l - a m m o n i u m  b r o m id e .  They s t u d i e d  
many p r o c e s s  v a r i a b l e s  and we re  a b l e  t o  remove t h e  c y a n i d e  
b e s t  when v i s i b l e  p r e c i p i t a t e s  we re  fo rmed .
Work h a s  been  done more  r e c e n t l y  on t h e  f l o t a t i o n  of  
c y a n i d e  and i t s  co mp lexes  f rom s i m u l a t e d  c o k e - p l a n t  w a s t e  
w a t e r s  (23) . The sy s t e m  u s e d  m e t h y 1 - t r i c a p r y l - a m m o n i u m  
c h l o r i d e  a s  t h e  p r e c i p i t a n t .  I t  was foun d  t h a t  t h e  
f l o t a t i o n  column c o u l d  v e r y  e a s i l y  remove f e r r i c y a n i d e ,  b u t  
had s e r i o u s  d i f f i c u l t i e s  w i t h  f e r r o c y a n i d e ,  and c o u l d  n o t  
remove f r e e  c y a n i d e  a t  a l l .  F l o t a t i o n  worked  w e l l  a t  f e e d  
c o n c e n t r a t i o n s  g r e a t e r  t h a n  5 mg/1 f e r r i c y a n i d e .
T h i s  p r o j e c t  was a c o n t i n u a t i o n  of  t h a t  work .  I t s  g o a l
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was t o  d i s c o v e r  how t o  make i o n - p r e c i p i t a t e  f l o t a t i o n  work 
f o r  f e r r o c y a n i d e  i n  s t e e l  p l a n t  w a s t e  w a t e r s .  Aga in ,  Henkel  
C o r p o r a t i o n s  A l i q u a t - 3 3 6  ( m e t h y l - t r i c a p r y l - a m m o n i u m  
c h l o r i d e )  was t h e  s u r f a c t a n t  u s e d .  I t  i s  s o l d  a s  a s o l v e n t  
e x t r a c t i o n  s u r f a c t a n t  f o r  i r o n ,  among o t h e r  m e t a l s ,  so i t  
would  be  e a s i l y  a v a i l a b l e  i f  a f l o t a t i o n  p r o c e s s  u s i n g  i t  
e v e r  became a co mmerc i a l  r e a l i t y .  The t e s t i n g  p rogram 
p e r s u e d  was d e s i g n e d  t o  e x p l o r e  t h e  p r o p e r t i e s  o f  t h e  
A - 3 3 6 / f e r r o c y a n i d e  sy s t e m  t o  f i n d  o u t  why i t  doe s  n o t  
r e s p o n d  w e l l  t o  f l o t a t i o n .  A t t e m p t s  we r e  t h e n  made t o  mod i fy  
t h e  sy s t e m  t o  make i t  work b e t t e r .
I n  c o n c e p t ,  t h e  p r o p o s e d  method would t r e a t  b l e e d  
s t r e a m s  f rom b l a s t  f u r n a c e  o f f - g a s  s c r u b b e r  s y s t e m s  
d i r e c t l y ,  s i n c e  f e r r o c y a n i d e  i s  t h e  form e n c o u n t e r e d  i n  
t h e s e  e f f l u e n t s .  I f  any e x c e s s  i r o n  we r e  n e e d e d ,  a r e a d y  
s o u r c e  would  be  s p e n t  p i c k l e  l i q u o r ,  which  i s  t h e  e f f l u e n t  
f rom a p r o c e s s  w he re  s t e e l  i s  c l e a n e d  w i t h  a c i d  t o  remove 
i r o n  o x i d e s  f rom t h e  s u r f a c e  o f  t h e  f i n i s h e d  i t e m .  S u l f u r i c  
or  h y d r o c h l o r i c  a c i d  s o l u t i o n s  a r e  g e n e r a l l y  u s e d ,  p r o d u c i n g  
f e r r o u s  s u l f a t e  or  f e r r o u s  c h l o r i d e  w a s t e s  r e s p e c t i v e l y .  
Sp e n t  p i c k l e  l i q u o r  c o u l d  a l s o  be  u se d  i n  t r e a t i n g  coke  
p l a n t  w a s t e  w a t e r s  t o  comp lex  t h e  f r e e  c y a n i d e  t o  
f e r r o c y a n i d e ,  wh ich  c o u l d  t h e n  be  t r e a t e d  by t h e  f l o t a t i o n  
p r o c e s s .  T h i s  wou ld  have  t h e  e l e g a n c e  of  u s i n g  one
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t r o u b l e s o m e  e f f l u e n t  s t r e a m  t o  t r e a t  a n o t h e r ,  t h e r e b y  
remov ing  b o t h  s e t s  o f  p o l l u t a n t s .  The economics  o f  a c t u a l  
a p p l i c a t i o n  of  t h a t  i d e a  would  be t h e  d e c i d i n g  f a c t o r  i n  i t s  
u s e .
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EXPERIMENTAL PROCEDURE
T hr ee  s e p a r a t e  s e r i e s  o f  e x p e r i m e n t s  w e r e  run  i n  t h e  
c o u r s e  o f  t h i s  i n v e s t i g a t i o n .  (1) d u a l  l i q u i d  b a t c h  
e x t r a c t i o n  t e s t s ,  (2) s i n g l e  l i q u i d  b a t c h  e x t r a c t i o n  t e s t s ,  
and (3) c o n t i n u o u s  column f l o t a t i o n  t e s t s .  They we re  run  i n  
o r d e r ,  w i t h  t h e  r e s u l t s  o f  t h e  f i r s t  s e r i e s  u sed  t o  d e s i g n  
t h e  s e c o n d ,  and t h e  s e co nd  t o  d e s i g n  t h e  t h i r d .  Each s e r i e s  
o f  t e s t s  i s  d e s c i b e d  i n  d e t a i l  b e lo w .  The v a r i a t i o n s  i n  
c y a n i d e  c o n c e n t r a t i o n  r e p o r t e d  i n  t h e  l i t e r a t u r e  l e d  t o  t h e  
d e c i s i o n  t o  work w i t h  f e r r o c y a n i d e  c o n c e n t r a t i o n s  up t o  
100mg/ l  when e x p r e s s e d  a s  CN- , meaning  t h e  t o t a l  c o n t a i n e d  
c y a n i d e ,  a s  would  be r e p o r t e d  i n  t h e  " t o t a l  c y a n i d e  by 
d i s t i l l a t i o n  a n a l y s e s "  u s e d  i n  t h i s  work .
R e a g e n t s
T h r ee  p r i m a r y  r e a g e n t s  w e r e  u sed  i n  t h i s  work .  O t h e r s  
we re  u s e d ,  o f  c o u r s e ,  b u t  p r i m a r i l y  i n  a n a l y s e s ,  and a r e  
d i s c u s s e d  i n  Appendix  A on c y a n i d e  a n a l y s i s .
(a)  M e t h y l - t r i c a p r y l - a m m o n i u m  c h l o r i d e ,  a co mmerc i a l  
p r o d u c t  o f  t h e  Henkel  C o r p o r a t i o n ,  who g i v e  i t  t h e  t r a d e  
name A l i q u a t - 3 3 6  ( A - 3 3 6 ) . The d a t a  s h e e t  f rom Henkel  s t a t e d  
t h a t  A-336 a v e r a g e d  90% a c t i v i t y ,  and t h i s  was a ssumed i n
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a l l  d o s a g e  c a l c u l a t i o n s ,
(b) F e r r o c y a n i d e :  Commerc i a l  r e a g e n t  g r a d e  p o t a s s i u m  
f e r r o c y a n i d e  ( K ^ F e ( C N ) 3 H 20) was u sed  t o  make a l l  f e e d  
s o l u t i o n s .
(c)  F e r r o u s  S u l f a t e :  Commerc i a l  r e a g e n t  g r a d e  f e r r o u s  
s u l f a t e  (Fe(SO^)» 7H20) was u sed  f o r  t h e  l a t t e r  two s e r i e s  
o f  t e s t s .
Dual  L i q u i d  B a t c h  E x t r a c t i o n  T e s t s
For t h e s e  t e s t s  t h e  A-33 6 was d i l u t e d  i n  c a r b o n
t e t r a c h l o r i d e  t o  a s t r e n g t h  c o n v e n i e n t  f o r  w h a t e v e r  t e s t  was
un de r  way.  Each t e s t  was run  a t  a s e l e c t e d  m o l a r  r a t i o  of
A-33 6 t o  f e r r o c y a n i d e .  The f e r r o c y a n i d e  was d i s s o l v e d  i n  an
a p p r o p r i a t e  amount  o f  d i s t i l l e d  w a t e r ;  f o r  t h e  t e s t s
p r e s e n t e d  h e r e  t h e  f e e d  c o n c e n t r a t i o n  was 10 0 mg/1 a s  CN- or 
-3
6 .4 1x 1 0  m o la r  f e r r o c y a n i d e .  The two s o l u t i o n s  we re  added 
t o  a v e s s e l  o f  a p p r o p r i a t e  s i z e ,  sh a k en  w e l l ,  t h e n  a l l o w e d  
t o  s e p a r a t e .  A f t e r  t h e y  had s e p a r a t e d ,  a s ample  o f  t h e  
a q u e o u s  p h a s e  was drawn o f f  and a n a l y z e d  f o r  t o t a l  c y a n i d e  
by d i s t i l l a t i o n  ( s e e  a p p e n d i x  A ) .
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S i n g l e  L i q u i d  B a t c h  E x t r a c t i o n  T e s t s
A f t e r  d e t e r m i n i n g  t h e  s t o i c h o m e t r y  of  t h e  
A - 3 3 6 / f e r r o c y a n i d e  r e a c t i o n ,  a s e r i e s  o f  t e s t s  was run  i n  
wh i ch  t h e  A-33 6 was d i l u t e d  i n  m e t h a n o l  t o  no g r e a t e r  t h a n  
10 0 g / l  so  t h a t ,  when i t  was added  t o  t h e  a q u e o u s  
f e r r o c y a n i d e  s o l u t i o n ,  i t  would  form a f i n e  d i s p e r s i o n .
T e s t s  i n d i c a t e d  t h a t  f i v e  m i n u t e s  was s u f f i c i e n t  t im e  f o r  
t h e  r e a c t i o n s  t o  t a k e  p l a c e .  A f t e r  a l l o w i n g  f i v e  m i n u t e s  
a g i t a t i o n  f o r  t h e  A-33 6 t o  r e a c t  w i t h  t h e  f e r r o c y a n i d e ,  pH, 
c h l o r i d e  i o n ,  c a l c i u m  i o n  and f e r r o u s  i o n  we re  s c r e e n e d  i n  
an a t t e m p t  t o  sp eed  p r e c i p i t a t i o n  o f  t h e  A - 3 3 6 / f e r r o c y a n i d e  
compound.  A f t e r  a s u i t a b l e  r e a g e n t  was i d e n t i f i e d ,  t h e  
s o l u t i o n s  we re  vacuum f i l t e r e d  t h r o u g h  a g l a s s  f r i t  f i l t e r  
(Py r ex  g r a d e  M), and t h e  f i l t r a t e  was a n a l y z e d  f o r  t o t a l  
c y a n i d e  by d i s t i l l a t i o n .  Two s e t s  o f  t e s t s  w e re  run  t h e n ,  
t h e  f i r s t  t o  d e t e r m i n e  t h e  opt imum d o s a g e  of  A-33 6,  and t h e  
s econd  t o  o b s e r v e  t h e  e f f e c t  o f  f e e d  c o n c e n t r a t i o n  on t h e  
r e d u c t i o n  i n  c o n c e n t r a t i o n  o f  c y a n i d e  a t  t h e  opt imum d o s a g e .
Column F l o t a t i o n  T e s t s
T h i s  s e r i e s  o f  t e s t s  was p e r f o r m e d  t o  i n v e s t i g a t e  t h e  
a b i l i t y  o f  a c o n t i n u o u s  f l o t a t i o n  sy s t em  t o  remove
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f e r r o c y a n i d e  f rom a s i m u l a t e d  e f f l u e n t .  The s i m u l a t e d  
e f f l u e n t  was s i m p l y  f e r r o c y a n i d e  i n  t a p  w a t e r .  A s c h e m a t i c  
d r a w in g  o f  t h e  sy s t e m  i s  p r e s e n t e d  a s  F i g u r e  4 .  A-336,
d i l u t e d  i n  m e t h a n o l ,  was added  t o  t h e  f i r s t  s t a g e  
c o n d i t i o n i n g  t a n k ,  wh i ch  h e l d  a l i q u i d  volume o f  290 
m i l l i l i t e r s  and was a g i t a t e d  v i o l e n t l y .  The d o s a g e  was 
c l o s e  t o  s t o i c h i o m e t r i c .  The s e con d  s t a g e  c o n d i t i o n i n g  t a n k  
was s i m p ly  a h o l d i n g  t a n k  t o  a l l o w  t im e  f o r  t h e  A t o  r e a c t  
w i t h  t h e  f e r r o c y a n i d e .  I t  h e l d  2100 m i l l i l i t e r s  o f  
s o l u t i o n .  F e r r o u s  s u l f a t e  s o l u t i o n  was added  i n  t h e  t h i r d  
s t a g e  c o n d i t i o n i n g  t a n k ,  wh ich  h e l d  a volume o f  400 
m i l l i l i t e r s ,  f rom wh ic h  t h e  s t r e a m  was f e d  t o  t h e  f l o t a t i o n  
co lumn .  C o n d i t i o n i n g  t i m e s  l o n g e r  t h a n  5 m i n u t e s  a f t e r  
A-336 a d d i t i o n  and 1 m i n u t e  a f t e r  f e r r o u s  i o n  a d d i t i o n  we r e  
foun d  t o  have  no a d d i t i o n a l  e f f e c t  on t h e  p e r f o r m a n c e  of  t h e  
s y s t e m .  T h e r e f o r e ,  t h e  o n l y  c o n c e r n  was t o  i n s u r e  t h a t  t h e  
minimum c o n d i t i o n i n g  t i m e s  w e r e  a l l o w e d  by t h e  t a n k s ,  and  no 
e f f o r t  was made t o  c o n t r o l  c o n d i t i o n i n g  t im e  beyond  t h a t .  
Timed s a m p le s  o f  t h e  o v e r f l o w  and u n d e r f l o w  were  t a k e n  a t  
v a r i o u s  i n t e r v a l s  d u r i n g  o p e r a t i o n .  The v o l u m e t r i c  
f l o w r a t e s  o f  t h e  s t r e a m s  w e r e  d e t e r m i n e d  f rom t h e s e  s a m p l e s ,  
and t h e  u n d e r f l o w  s a m p le s  w e r e  a n a l y z e d  f o r  t o t a l  c y a n i d e  by 
d i s t i l l a t i o n ,  w i t h  a f o u r  hou r  d i s t i l l a t i o n  t i m e .
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a 2 f a c t o r i a l  d e s i g n  ( 2 4 ) .  T h r ee  o p e r a t i n g  v a r i a b l e s  we r e  
v a r i e d  a t  two l e v e l s  o f  e a c h .  They we re  column h e i g h t ,  f e e d  
f l o w r a t e ,  and s p e c i f i c  a i r  f l o w r a t e .  T h i s  r e q u i r e d  e i g h t  
t e s t s .  T h r ee  more t e s t s  w e r e  r un  a t  a s e t  o f  c o n d i t i o n s  a t  
a p p r o x i m a t e l y  t h e  m i d - p o i n t  be tween  t h o s e  o f  t h e  f a c t o r i a l  
d e s i g n  t e s t s ;  t h e s e  t e s t s  w e r e  r e p l i c a t e s  o f  e ac h  o t h e r  t o  
g i v e  an i n d i c a t i o n  of  e x p e r i m e n t a l  e r r o r .  The e l e v e n  t e s t s  
d e s c r i b e d  above  w e r e  run  w i t h  a c y a n i d e  c o n c e n t r a t i o n  of  50 
mg/1 i n  t h e  f e e d .  The a c t u a l  l e v e l s  o f  t e s t  f e e d  f l o w r a t e s  
and s p e c i f i c  a i r  r a t e s  u sed  we re  d i c t a t e d  by o p e r a t i n g  
e x p e r i e n c e  w i t h  t h e  co lumn.  A f e e d  f l o w r a t e  any h i g h e r  t h a n  
150 ml /min  wou ld  c a u s e  e n t r a i n m e n t  o f  t h e  f r o t h  i n t o  t h e  
u n d e r f l o w .  At  t h e  h i g h  s p e c i f i c  a i r  r a t e s ,  l a r g e  b u b b l e s  
( o f  a p p r o x i m a t e l y  h a l f  t h e  column d i a m e t e r )  would 
o c a s s i o n a l l y  be g e n e r a t e d ,  and a t  t h e  low a i r  f l o w r a t e s  t h e  
f l o w  m e t e r  was u n s t a b l e .  I t  was a l s o  found  t h a t  a d j u s t m e n t s  
o f  t h e  u n d e r f l o w  w e i r  h e i g h t  w e r e  n e c e s s a r y  f o r  s t a b l e  
o p e r a t i o n  when o t h e r  v a r i a b l e s  we re  c h an g e d .
An a d d i t i o n a l  two s e t s  o f  t e s t s  we re  run  a t  d i f f e r e n t  
f e e d  c y a n i d e  c o n c e n t r a t i o n s .  The h i g h  c y a n i d e  c o n c e n t r a t i o n  
s e l e c t e d  was 100 mg/1 and t h e  low c y a n i d e  c o n c e n t r a t i o n  was 
10 mg /1 .
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The a i r  f l o w m e t e r  was o p e r a t e d  a t  a c o n s t a n t  p r e s s u r e  
o f  6 i n c h e s  o f  m e r c u r y  and was c a l i b r a t e d  a g a i n s t  a H a s t i n g s  
mass  f l o w m e t e r  t o  r e a d  i n  s t a n d a r d  c u b i c  c e n t i m e t e r s  p e r  
m i n u t e  a t  t h a t  o p e r a t i n g  p r e s s u r e .  The w a t e r  f l o w m e t e r  was 
u n c a l i b r a t e d  a t  t h e  f l o w r a t e s  u sed  and was u sed  a s  an 
i n d i c a t o r  t o  r e g u l a t e  f l o w  o n l y ,  f l o w r a t e s  b e i n g  d e t e r m i n e d  
f rom t h e  t im e d  s a m p l e s .  The column i t s e l f  was made f rom 
l e n g t h s  o f  1 i n c h  d i a m e t e r  g l a s s  t u b i n g  w i t h  " O - r i n g "  j o i n t s  
i n  a m odu la r  d e s i g n .  The i n l e t ,  o v e r f l o w ,  and b o t t o m ,  which  
c o n t a i n e d  t h e  u n d e r f l o w  p o r t  and t h e  f i t t i n g  f o r  t h e  a i r  
f r i t ,  we re  s e p a r a t e  p i e c e s  t h a t  c o u l d  be  j o i n e d  d i r e c t y  
t o g e t h e r  t o  make a 1 5 . 5  i n c h  co lumn;  s p a c i n g  t u b e s  c o u l d  be  
i n s e r t e d  t o  b u i l d  a column up t o  85 .5  i n c h e s  t a l l .
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RESULTS AND DISCUSSION 
Dual  L i q u i d  B a t c h  E x t r a c t i o n  T e s t s
The mos t  i m p o r t a n t  r e s u l t s  f rom t h e s e  t e s t s  a r e  shown 
i n  F i g u r e  5 .  One s e t  o f  r e s u l t s ,  h ow ev e r ,  s h o u l d  be 
m e n t i o n e d  f i r s t .  I n  a t e s t  o f  r e a c t i o n  r a t e ,  t e s t s  we re  run  
i n  wh ich  t h e  o n l y  d i f f e r e n c e  b e tw een  them was t h e  t im e  a f t e r  
m ix ing  a t  wh i ch  t h e  a q u e o u s  s amp le  was t a k e n .  The r e s u l t s  
i n d i c a t e d  97.8% r e d u c t i o n  i n  f e r r o c y a n i d e  c o n c e n t r a t i o n  
a f t e r  10 m i n u t e s  and a l s o  a f t e r  60 m i n u t e s ,  meaning  t h a t  
e q u i l i b r i u m  was a c h i e v e d  r a p i d l y ,  and t h u s  t h e  f o l l o w i n g  
r e s u l t s  s h o u l d  r e p r e s e n t  e q u i l i b r i u m  c o n d i t i o n s .
A t e r m  t h a t  i s  c o n v e n i e n t  t o  u se  when d e s c r i b i n g  t h e  
p e r f o r m a n c e  o f  t h e s e  t e s t s  i s  t h e  f r a c t i o n a l  d e c r e a s e  i n  
c o n c e n t r a t i o n  (CR) f rom t h e  f e e d .  T h i s  t e r m  can  be  d e f i n e d  
a s :
C R = l - u / f ,
where  u i s  t h e  f i n a l  a q u e o u s  c y a n i d e  c o n c e n t r a t i o n  and f  i s  
t h e  c y a n i d e  c o n c e n t r a t i o n  i n  t h e  f e e d .  CR a p p r o a c h e s  a 
v a l u e  o f  1 a s  more o f  t h e  f e e d  c y a n i d e  i s  r emoved .  F i g u r e  5 
i s  a p l o t  o f  CR v e r s u s  t h e  m o l a r  r a t i o  o f  A l i q u a t - 3 3 6  t o  
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t h e  o r i g i n  t o  a CR v a l u e  o f  1 a t  a m o la r  r a t i o  o f  3 t o  1 ,  
and t h e  o t h e r  f rom t h e  o r i g i n  t o  a CR v a l u e  o f  1 a t  a m o la r  
r a t i o  o f  4 t o  1 ,  r e p r e s e n t  i d e a l  b e h a v i o r  f o r  r e a c t i o n  
s t o i c h i o m e t r i e s  o f  3 moles  A-336 t o  1 mole  o f  f e r r o c y a n i d e  
and 4 mo le s  A-33 6 t o  1 mole  o f  f e r r o c y a n i d e  r e s p e c t i v e l y .  
T e s t s  a t  d o s a g e s  o f  l e s s  t h a n  t h e  s t o i c h i o m e t r i c  amount  o f  
A-33 6 would be  e x p e c t e d  t o  p r o d u c e  d a t a  p o i n t s  t h a t  would 
f a l l  somewhat  be low  and t o  t h e  r i g h t  o f  t h e  i d e a l  l i n e  f o r  
t h e  a c t u a l  s t o i c h i o m e t r y .  The d i s p l a c e m e n t  f rom t h e  l i n e  
would  r e p r e s e n t  t h e  d i f f e r e n c e  be tw ee n  e q u i l i b r i u m  and t o t a l  
e x t r a c t i o n .  A l l  o f  t h e  r e s u l t s  f rom t e s t s  w i t h  l e s s  t h a n  3 
moles  o f  A-336 p e r m o l e  o f  f e r r o c y a n i d e  f a l l  b e tw ee n  t h e  
l i n e s  i n  F i g u r e  5 ,  t h a t  i s ,  above  t h e  i d e a l  e x t r a c t i o n  l i n e  
f o r  a 4 t o  1 s t o i c h i o m e t r y .  T h i s  i n d i c a t e s  b e t t e r  t h a n  
i d e a l  e x t r a c t i o n  u n l e s s  t h e  sy s t e m  has  a 3 t o  1 
s t o i c h i o m e t r y .  Remember ing t h a t  f e r r o c y a n i d e  ha s  a n e t  
v a l e n c e  o f  - 4 ,  and n o t i n g  t h a t  A-33 6 s h o u l d  i o n i z e  by g i v i n g  
up t h e  c h l o r i d e  i t  would have  a v a l e n c e  o f  +1 ,  t h e  r e a c t i o n  
p r o d u c t  would have  a n e t  v a l e n c e  o f  - 1 ,  and would n o t  
p r e c i p i t a t e  u n l e s s  some a d d i t i o n a l  c a t i o n  we re  p r e s e n t .  The 
r e d u c t i o n s  i n  c o n c e n t r a t i o n  a t  or  above  a m o la r  r a t i o  o f  4 . 5  
t o  1 we re  g r e a t e r  t h a n  0 .9 7  wh ich  l e d  t o  t h e  c o n c l u s i o n  t h a t  
i t  was n o t  n e c e s s a r y  t o  e x p l o r e  h i g h e r  m o l a r  r a t i o s  i n  
s u b s e q u e n t  t e s t i n g .
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S i n g l e  L i q u i d  B a t c h  E x t r a c t i o n  T e s t s
Us ing  t h e  above  i n f o r m a t i o n ,  t e s t s  we r e  run  t o  f i n d  a 
r e a g e n t  wh ic h  would i n c r e a s e  t h e  p r e c i p i t a t i o n  r a t e  o f  t h e  
A - 3 3 6 / f e r r o c y a n i d e  compound.  E a r l y  t e s t s  o f  t h i s  s e r i e s  
we re  run  w i t h  a d o s a g e  o f  1 . 5  t i m e s  t h e  s t o i c h i o m e t r i c  
amount  o f  A-336 ( m o la r  r a t i o  4 . 5  t o  1) i n  a 100 mg/1 
f e r r o c y a n i d e  s o l u t i o n ,  w i t h  no a d d i t i o n a l  i o n s  a d d e d .  Some 
y e l l o w  waxy m a t e r i a l  c o a t e d  t h e  v e s s e l s  and s t i r r e r s  i n  t h e  
f i r s t  f i v e  m i n u t e s  a f t e r  t h e  A-336 a d d i t i o n  i n  e a c h  t e s t ,  
and t h e  r e s u l t i n g  s o l u t i o n  would  be c l o u d y  and t r a n s l u c e n t  
f o r  a p p r o x i m a t e l y  t h r e e  d a y s .  A f t e r  t h a t  t i m e ,  i n  a p e r i o d  
o f  a few h o u r s  t h e  r e s t  o f  t h e  m a t e r i a l  c o n g l o m e r a t e d  and 
f l o a t e d  t o  t h e  s o l u t i o n  s u r f a c e .  Enough o f  t h e  waxy 
m a t e r i a l  was c o l l e c t e d  t o  r u n  an X-Ray d i f f r a c t o m e t e r  s c a n ,  
and i t  was found  t o  be  a m or ph ous .  A s e r i e s  o f  t e s t s  was run  
t o  s e e  wh a t  e f f e c t  pH, C1 - ,  Ca++, and f i n a l l y  Fe++ would 
have  on t h e  p r e c i p i t a t i o n  or  c o a g u l a t i o n  r a t e s  o f  t h e  waxy 
m a t e r i a l .  F e r r o c y a n i d e  c o n c e n t r a t i o n  was 100 mg/1 a s  CN, 
and a f t e r  a d d i n g  a 1 . 5  s t o i c h o m e t r i c  A-336 d o s e ,  f i v e  
m i n u t e s  c o n d i t i o n i n g  t im e  was a l l o w e d  b e f o r e  a n y t h i n g  e l s e  
was a d d e d .  The r e s u l t s  w e r e  s t r i c t l y  v i s u a l ,  t h e  r e a g e n t  
b e i n g  r e j e c t e d  i f  no v i s i b l e  p r e c i p i t a t e  was formed  w i t h i n  
10 m i n u t e s  a f t e r  t h e  r e a g e n t * s  a d d i t i o n .  The f i r s t  d o s a g e  
o f  f e r r o u s  s u l f a t e  t e s t e d  gav e  a  c o n c e n t r a t i o n  i n  e x c e s s  o f
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5 g / 1  or  1 . 8 x 1 0 mo l a r .  A g r e e n  p r e c i p i t a t e  was formed i n  
l e s s  t h a n  one  m i n u t e .  Dosages  r e s u l t i n g  i n  c o n c e n t r a t i o n s  
o f  1 . 8 x 1 0 ~ 3 ,  3 . 6 x l 0 ~ 3 f 4 . 5 x 10  ” 3 ,9 .0 x1 0  ” 3, and 1 . 8 x 1 0 ” 2 m o la r  
Fe++ were  t e s t e d ;  t h e  one y i e l d i n g  4 .5x10  “ 3 m o la r  Fe++ ( 1 . 2 5  
g / 1  f e r r o u s  s u l f a t e )  was foun d  t o  be  t h e  minimum do se  
r e q u i r e d  t o  r a p i d l y  p r o d u c e  a p r e c i p i t a t e .  An o t he r  t e s t  was 
run  w i t h  a t o t a l  dose  t o  p r o d u c e  6 . 3x 1 0 “ 3 m o la r  i r o n  b e i n g  
added  s t e p w i s e  f rom a 1 . 8x 1 0 “ 3 m o la r  i n i t i a l  do se  o v e r  a 
p e r i o d  o f  14 m i n u t e s ;  no p r e c i p i t a t e  was f o rm ed .
With  t h e  minimum d o s a g e  of  f e r r o u s  i o n  needed  t o  c a u s e  
p r e c i p i t a t i o n  d e t e r m i n e d ,  t h e  n e x t  s t e p  was t o  d e t e r m i n e  t h e  
minimum d o s a g e  o f  A-336 ne ed e d  f o r  good e x t r a c t i o n .  Feed 
c o n c e n t r a t i o n s  of  75 mg/1 and 10 mg/1 CN a s  f e r r o c y a n i d e  
we re  u s e d .  The f e r r o u s  s u l f a t e  d o sa g e  was t o  p r o d u ce  an 
Fe++ c o n c e n t r a t i o n  of  4 . 5 x 1 0 ” 3  m ola r  f o r  a l l  o f  t h e  t e s t s ,  
and was added  f i v e  m i n u t e s  a f t e r  t h e  A-33 6 .  Based on t h e  
r e s u l t s  o f  t h e  d u a l  l i q u i d  t e s t s  a b o v e ,  t h e  A-336 d o s a g e  was 
v a r i e d  f rom a m o la r  r a t i o  o f  3 t o  1 t o  4 . 5  t o  1 ,  t h a t  i s ,  
s t o i c h i o m e t r i c  m u l t i p l e s  o f  1 t o  1 . 5 .  As shown i n  F i g u r e  6 ,  
t h e  r e d u c t i o n  i n  c o n c e n t r a t i o n  e x ce ed e d  90% a t  a l l  
c o n d i t i o n s ,  so an A-33 6 s t o i c h i o m e t r i c  m u l t i p l e  o f  1 was 
u sed  f o r  a l l  s u b s e q u e n t  t e s t i n g ,  t h i s  b e i n g  t h e  mos t  
e co no m ic a l  d o s e .
The r e s u l t s  o f  t h e  f i n a l  s e r i e s  o f  t e s t s  i n  t h i s  p h a s e
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(2 tests)
0 -75  mg/l FEED
□ -I0mg/l FEED40
0 2.25 3.00 3.75 4.50
MOLAR RATIO A-336/Fe(CN)"£
F i g u r e  6 .  E f f e c t  o f  A-33 6 Dosage  on Removal  o f  F e r r o c y a n i d e  
i n  S i n g l e  L i q u i d  B a t c h  E x t r a c t i o n  T e s t s .
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a r e  p r e s e n t e d  i n  F i g u r e  7 .  These  we re  t e s t s  o f  t h e  
s e n s i t i v i t y  o f  t h e  sy s t e m  t o  f e e d  c o n c e n t r a t i o n .  The 
r e d u c t i o n s  i n  c o n c e n t r a t i o n  w e r e  b e t t e r  t h a n  97% f o r  f e e d  
g r a d e s  o f  25 mg/1 or  h i g h e r ,  f a l l i n g  t o  90% a t  10 mg /1 ,  80% 
a t  5 mg/1 ,  an d ,  f i n a l l y ,  t o  70% a t  1 mg /1 .  No v i s i b l e  
p r e c i p i t a t e s  we re  formed i n  t h e  t e s t s  w i t h  f e e d  g r a d e s  o f  
l e s s  t h a n  10 mg/1 CN a s  f e r r o c y a n i d e .  S e v e r a l  e x p l a n a t i o n s  
can  be  p r o p o s e d  f o r  t h e  l e s s e r  r e d u c t i o n s  f rom t h e  low f e e d  
c o n c e n t r a t i o n s .  The r e a c t i o n  k i n e t i c s  or  g ro w th  k i n e t i c s ,  
or  b o t h ,  may be  a f f e c t e d  enough  t h a t  t h e  c o n d i t i o n i n g  t im e  
a l l o w e d  was i n s u f f i c i e n t  t o  grow l a r g e  enough  p r e c i p i t a t e s  
f o r  t h e  f i l t e r  t o  r e t a i n .  I t  i s  a l s o  p o s s i b l e  t h a t  
p r e c i p i t a t i o n  may n o t  o c c u r  a t  a l l  i n  s y s t e m s  t h a t  a r e  so  
d i l u t e .  These  t e s t s  r e p r e s e n t ,  a t  l e a s t  f o r  f e e d  
c o n c e n t r a t i o n s  o f  10 mg/1 CN or g r e a t e r ,  t h e  u l t i m a t e  
r emova l  p o s s i b l e  by t h e  f l o t a t i o n  t e s t s ,  b e c a u s e  a l l  o f  t h e  
o r g a n i c  p r e c i p i t a t e  i s  removed f rom t h e  a q u e o u s  e f f l u e n t  
w i t h  none  (or  v e r y  l i t t l e )  o f  t h e  w a t e r  g o i n g  w i t h  i t .
F l o t a t i o n  T e s t s
The f o l l o w i n g  d i s c u s s i o n  s h o u l d  be p r e f a c e d  by n o t i n g  
t h a t  t h e  f o u r  hou r  d i s t i l l a t i o n  t i m e s  u sed  i n  t h e  c y a n i d e  
a n a l y s e s  may n o t  have  been  l o n g  enough  t o  e x t r a c t  a l l  o f  t h e  































































p r e c i p i t a t e s  t o ok  a l o n g e r  t im e  t o  c o m p l e t e l y  b r e a k  down.
The r e s u l t s  r e p o r t e d  ho we ve r ,  a r e  n o t  f a r  o f f  t h e  a c t u a l  
c y a n i d e  c o n c e n t r a t i o n s ,  and any  e r r o r s  s h o u l d  be s y s t e m a t i c .  
Such e r r o r s  would n o t  i n v a l i d a t e  t h e  t r e n d s  i n d i c a t e d .
In  t h i s  d i s c u s s i o n  of  t h e  r e s u l t s  o f  t h e  f l o t a t i o n  
t e s t s ,  t h e  f r a c t i o n a l  r e d u c t i o n  i n  c o n c e n t r a t i o n  t e r m  
d e f i n e d  above  w i l l  be  u sed  i n  t h e  same fo rm:
C R = l - u / f
whe re  u now i s  t h e  c y a n i d e  c o n c e n t r a t i o n  i n  t h e  column 
u n d e r f l o w ,  and f  i s  s t i l l  t h e  c y a n i d e  c o n c e n t r a t i o n  i n  t h e  
f e e d .  An a d d i t i o n a l  q u a n t i t y  c a l l e d  "Removal"  (R) i s  a l s o  
u s e f u l .  Removal  i s  d e f i n e d  a s :
R=( U/ F ) ( 1 - u / f )
or  :
R=(U/F)CR
where  U i s  t h e  v o l u m e t r i c  f l o w r a t e  of  t h e  u n d e r f l o w ,  and F 
i s  t h e  v o l u m e t r i c  f l o w r a t e  o f  t h e  f e e d .
F a c t o r i a l  e x p e r i m e n t s  a r e  so  d e s i g n e d  t o  y i e l d  an 
e q u a t i o n  r e l a t i n g  some r e s p o n s e  o f  t h e  e x p e r i m e n t  t o  t h e  
i n p u t  v a r i a b l e s  and t h e i r  i n t e r a c t i o n s .  The r e s u l t s  o f  t h e  
f l o t a t i o n  e x p e r i m e n t s  a r e  summar i zed  i n  T a b l e  2 .  I n  a 
t h r e e - v a r i a b l e  e x p e r i m e n t a l  d e s i g n  t h e  g e n e r a l  form o f  such  
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y=AQ+A^x -j_+A2x 2+ a ^x 3+a4x i x 2+A5x 1x 3+A6x 2x 3+A7x i x 2X 3
w h e r e  x^ ,  x 2 1 and x^  a r e  t h e  n o r m a l i z e d  v a l u e s  o f  t h e  
p r o c e s s  v a r i a b l e s  h a v i n g  v a l u e s  o f  e i t h e r  +1 or  - 1 .  I n  t h e  
f l o t a t i o n  e x p e r i m e n t s  x^ r e p r e s e n t e d  t h e  column h e i g h t ,  X£ 
r e p r e s e n t e d  t h e  f e e d  f l o w  r a t e ,  and x^  r e p r e s e n t e d  t h e  
s p e c i f i c  a i r  f l o w r a t e .  Us ing  removal  R as  t h e  r e s p o n s e ,  t h e  
f i n a l  form o f  t h e  e q u a t i o n ,  a f t e r  d e l e t i n g  s t a t i s t i c a l l y  
i n s i g n i f i c a n t  t e r m s  ( s e e  Append ix  B ) , i s :
R =0 .64 1 5+ 0 ,07 70 x2” 0 . 035 5x2X^
w h er e  Xg = ( F - 1 0 3 . 5 ) / 3 5 ,4 and x ^ = (A-86) / 1 7 , w i t h  F 
r e p r e s e n t i n g  f e e d  f l o w r a t e  i n  m l / m i n u t e ,  and A r e p r e s e n t i n g  
s p e c i f i c  a i r  f l o w r a t e  i n  sccm/cm , The X2X^ t e r m  has  
m a r g i n a l  s i g n i f i c a n c e .  T h i s  e q u a t i o n  would  be  e x p e c t e d  t o  
a p p l y  w i t h i n  t h e  r a n g e  o f  t h e  v a r i a b l e s  t e s t e d .  S p e c i f i c  
a i r  r a t e  was e x p e c t e d  t o  have  a much more s i g n i f i c a n t  e f f e c t  
t h a n  was o b s e r v e d ,  b u t  i t  may have  been  masked by t h e  
a d j u s t m e n t  o f  t h e  u n d e r f l o w  w e i r  t h a t  was n e c e s s a r y  f o r  e ach  
r u n .
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F i g u r e  8 i s  a p l o t  of  r emova l  and r e d u c t i o n  i n  
c o n c e n t r a t i o n  v e r s u s  f e e d  f l o w r a t e .  I n  F i g u r e  9,  remova l  
and r e d u c t i o n  i n  c o n c e n t r a t i o n  a r e  p l o t t e d  a g a i n s t  s p e c i f i c  
a i r  f l ow  r a t e .  And i n  F i g u r e  10 ,  t h e  same two q u a n t i t i e s  
a r e  shown a s  f u n c t i o n s  o f  r e t e n t i o n  t im e  i n  t h e  co lumn.  One 
o b s e r v a t i o n  t h a t  can be made i s  t h a t  t h e  r e d u c t i o n  i n  
c o n c e n t r a t i o n  of  c y a n i d e  f rom t h e  f e e d  t o  t h e  u n d e r f l o w  does  
n o t  seem t o  be  s i g n i f i c a n t l y  a f f e c t e d  by any o f  t h e  p r o c e s s  
v a r i a b l e s .  I n  f a c t ,  t h e  t o t a l  v a r i a t i o n  of  r e d u c t i o n  i n  
c o n c e n t r a t i o n ,  shown i n  T a b l e  2 ,  i s  f rom 87.0% t o  94.6%,  
wh ich  i s  q u i t e  s m a l l  when compared  t o  t h e  p o s s i b l e  
e x p e r i m e n t a l  e r r o r  r e s u l t i n g  f rom t h e  p r o b l e m s  w i t h  a n a l y s i s  
m e n t i o n e d  e a r l i e r .  The s c a t t e r  o f  t h e  r emoval  d a t a  p o i n t s  
makes any  c o n c l u s i o n s  a b o u t  them q u e s t i o n a b l e ,  b u t  r emova l  
does  n o t  seem t o  be much a f f e c t e d  by any o f  t h e  o p e r a t i n g  
v a r i a b l e s  e i t h e r .  Even t h e  c o e f f i c i e n t  o f  t h e  f e e d  f l o w r a t e  
t e r m  i n  t h e  e q u a t i o n  p r e s e n t e d  above  i s  r a t h e r  s m a l l ,  wh i ch  
i s  a n o t h e r  r e f l e c t i o n  of  t h i s  i n d e p e n d e n c e .
A s t r o n g  c o r r e l a t i o n  o c c u r s  be tw een  removal  and f e e d  
c y a n i d e  c o n c e n t r a t i o n ,  a l t h o u g h  n o t  be tw een  r e d u c t o n  i n  
c o n c e n t r a t i o n  and f e e d  c y a n i d e  c o n c e n t r a t i o n  a s  shown by 
F i g u r e  11 .  T h i s  may be  e x p l a i n e d  by a r e f e r e n c e  t o  T a b l e  1 ,  
whe re  i t  i s  n o t e d  t h a t  t h e  o n l y  v a r i a b l e  ch anged  i n  t e s t s  9 
















^  0.6- O
a  o o °  ( 9
ZD
auj oa:
£0 .4 |- [-..REDUCTION IN 
CONCENTRATION
<
>  r  O-REMOVAL o
1 0 - 2
50 75 100 125 150
FEED FL0WRATE (ml/min)
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F i g u r e  9 .  P e r f o r m a n c e  o f  F l o t a t i o n  Column a s  a F u n c t i o n  o f
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CYANIDE IN FEED (mg/l)
F i g u r e  11 .  P e r f o r m a n c e  o f  F l o t a t i o n  Column a s  a F u n c t i o n  of
C y a n i d e  C o n c e n t r a t i o n  i n  t h e  F e e d .
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t e s t s  a t  100 mg/ 1  p r o d u c e d  g r e a t  vo lumes  o f  f r o t h ,  c a r r y i n g  
much of  t h e  w a t e r  t o  t h e  o v e r f l o w .  I f  t h e  u n d e r f l o w  w e i r  
had been  a d j u s t e d  t o  improve  t h e  w a t e r  s p l i t ,  t h e  r emova l  
m ig h t  have  been  b e t t e r .
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As i n d i c a t e d  i n  F i g u r e  12 ,  t h e  f l o t a t i o n  s y s t e m  n e v e r  
d i d  m ee t  t h e  e f f l u e n t  g u i d e l i n e  of  0 . 2 5  mg/1 c y a n i d e  i n  t h e  
u n d e r f l o w .  From T a b l e  2 ,  t h e  l o w e s t  c y a n i d e  c o n c e n t r a t i o n  
i n  t h e  u n d e r f l o w  was 0 .6 6  mg/ 1  from a 10 mg/ 1  f e e d .
However ,  t h i s  f i g u r e  a l s o  shows t h a t  l o w e r  c o n c e n t r a t i o n s  
c o u l d  p o s s i b l y  be a c h i e v e d  w i t h  t h e  use  o f  more t h a n  one 
s t a g e  o f  f l o t a t i o n .  For e x am p le ,  i f  a 100 mg/1 f e e d  i s  f e d  
t o  one co lumn,  w i t h  p e r f o r m a n c e  a s  shown by F i g u r e  13 ,  and 
t h e  u n d e r f l o w  i s  f e d  t o  a s e con d  co lumn,  a g a i n  w i t h  
p e r f o r m a n c e  a s  shown i n  F i g u r e  13 ,  t h e  f i r s t  s t a g e  u n d e r f l o w  
would  have  a c y a n i d e  c o n c e n t r a t i o n  of  a b o u t  10 t o  12 mg/ 1  
and t h e  f i n a l  u n d e r f l o w  would  hav e  a c o n c e n t r a t i o n  o f  a rou nd  
1 mg /1 .  Whi l e  t h i s  s t i l l  i s  n o t  low enough  t o  mee t  e f f l u e n t  
g u i d e l i n e s ,  i t  i s  a r e d u c t i o n  o f  two o r d e r s  o f  m a g n i t u d e .
I t  was n o t e d  e a r l i e r  t h a t  t h i s  p r o c e s s  may have t o  be 
f o l l o w e d  by some p o l i s h i n g  p r o c e s s  i n  o r d e r  t o  mee t  f i n a l  
e f f l u e n t  s t a n d a r d s .
The above  t e s t s  show t h a t  t h e  g r e a t e s t  b u l k  o f  t h e  
p o l l u t a n t  may be  removed by t h i s  p r o c e s s  wh i ch  would 
s i g n i f i c a n t l y  r e d u c e  t h e  l o a d  on t h e  p o l i s h i n g  s y s t e m .  The 
p o l i s h i n g  method m i g h t  be  f i l t r a t i o n  t h r o u g h  an a c t i v a t e d  
c h a r c o a l  be d .  I f  t h e  f e r r o c y a n i d e  t h a t  i s  n o t  removed by 
t h e  co lumn has  r e a c t e d  w i t h  t h e  A-33 6 , i t  may be removed by 
c h a r c o a l ,  wh i ch  h a s  no  e f f e c t  on f r e e  c y a n i d e  or  t h e  s i m p l e
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F i g u r e  12 .  E f f l u e n t  C y a n i d e  C o n c e n t r a t i o n  P e r f o r m a n c e  o f  
F l o t a t i o n  Column.
ER-25 56 47
compl exe s  l i k e  f e r r o c y a n i d e .
A few a d d i t i o n a l  o b s e r v a t i o n s  made d u r i n g  t h e  t e s t  
p rogram s h o u l d  be  r e p o r t e d  h e r e .  Whi l e  r u n n i n g  t h e  
f l o t a t i o n  s y s t e m ,  i t  was n e c e s s a r y  t o  c l e a n  t h e  c o n d i t i o n i n g  
t a n k s  o c a s s i o n a l l y  t o  remove t h e  same y e l l o w ,  waxy b u i l d - u p  
n o t e d  i n  t h e  s i n g l e  l i q u i d  t e s t s .  I f  t o o  much b u i l d - u p  was 
a l l o w e d ,  t h e  s o l u t i o n s  f l ow ed  o u t  c l e a r  and t h e r e  was 
l i t t l e ,  i f  a n y t h i n g ,  t o  remove i n  t h e  co lumn.  T h i s  m ig h t  
s u g g e s t  an a l t e n a t i v e  method o f  t r e a t m e n t ,  w h e r e i n  t h e  wax 
i s  removed c o n t i n u o u s l y  by some me t hod ,  p e r h a p s  by T e f l o n  
b e l t s  moving t h r o u g h  t h e  s o l u t i o n .  The p r e c i p i t a t e  
p a r t i c l e s  i n  t h e  u n d e r f l o w  sa m p l e s  s e t t l e d  r a p i d l y  and 
a p p e a r e d  t o  be  f a i r l y  c o m p a c t .  They may be s u i t a b l e  f o r  
r emoval  by some s e t t l i n g  o r  c e n t r i f u g a t i o n  d e v i c e .
Whi l e  t h e s e  r e s u l t s  t e l l  v e r y  l i t t l e  a b o u t  t h e  
o p e r a t i n g  c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  o f  t h e  l a b o r a t o r y  
f l o t a t i o n  s y s t e m  t h a t  g e n e r a t e d  t hem,  t h e y  do i n d i c a t e  t h a t  
t h e  s y s t e m  can  remove f e r r o c y a n i d e  f rom r e l a t i v e l y  p u r e  
s o l u t i o n s .  O p e r a t i n g  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  v e r y  
s m a l l  column used  h e r e  s u g g e s t  t h a t  more e x t e n s i v e  work w i t h  
t h e  same column would  have  l i t t l e  v a l u e .  F u t u r e  t e s t i n g  
s h o u l d  t a k e  p l a c e  i n  l a r g e r  co lu m ns ,  c l o s e r  t o  a s i z e  t h a t  
c o u l d  be u sed  i n  a c t u a l  i n d u s t r i a l  i n s t a l l a t i o n s ,  and s h o u l d
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use  e i t h e r  r e a l  or  more  c l o s e l y  s i m u l a t e d  e f f l u e n t s .  Th i s  




1 .  The s t o i c h i o m e t r y  o f  t h e  A - 3 3 6 / f e r r o c y a n i d e  r e a c t i o n  i s  
3 p a r t s  A-336 t o  1 p a r t  f e r r o c y a n i d e .  T h i s  l e a v e s  a c h a r g e d  
s p e c i e s  t h a t  w i l l  n o t  p r e c i p i t a t e  by i t s e l f ,
2 .  F e r r o u s  i o n  a d d i t i o n  w i l l  make t h e  A - 3 3 6 / f e r r o c y a n i d e  
compound p r e c i p i t a t e  r a p i d l y ;  t h e  a d d i t i o n  mus t  b r i n g  t h e  
f e r r o u s  i o n  c o n c e n t r a t i o n  t o  a t  l e a s t  4 , 5x10  m o l a r  Fe++ i n  
one s t e p .  No e x c e s s  A-336 i s  n e ede d  t o  d r i v e  t h e  r e a c t i o n s  
t o  c o m p l e t i o n ,
3 .  R e d u c t i o n s  i n  c o n c e n t r a t i o n  of  more  t h a n  97% were  
a c h i e v e d  i n  s i n g l e  l i q u i d  b a t c h  e x t r a c t i o n  t e s t s ,  when t h e  
c y a n i d e  c o n c e n t r a t i o n  of  t h e  f e e d  was 25 mg/1 ( as
f e r r o c y a n i d e )  or  g r e a t e r .  The r e d u c t i o n  was more t h a n  90%
/
f rom a 10 mg/1 f e e d ,  and f e l l  t o  80% f o r  5 mg/1 and 70% f o r  
1 mg / 1 .
4 .  F l o t a t i o n  of  t h e  p r e c i p i t a t e  f o rmed  by t h e  A - 3 3 6 / f e r r o u s  
i o n  t r e a t m e n t  i s  p o s s i b l e ,  r e s u l t i n g  i n  r e d u c t i o n s  i n  
c o n c e n t r a t i o n  e x c e e d i n g  87% f o r  a l l  t e s t s ,  and r e m o v a l s  
v a r y i n g  f rom 0 . 3 2 1  t o  0 . 7 7 3 .  The c y a n i d e  c o n c e n t r a t i o n s  i n  
t h e  u n d e r f l o w  v a r i e d  f rom 0 .6 6  mg/ 1  t o  1 2 .6  mg/ 1 , n e v e r  
m e e t i n g  t h e  e f f l u e n t  l i m i t a t i o n  o f  0 . 2 5  mg/1 .  Some f u t h e r
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t r e a t m e n t  o f  s u c h  s t r e a m s  would be r e q u i r e d ,
5 .  The l a b o r a t o r y  s c a l e  t e s t  sy s t em  was t o o  s m a l l  t o  g i v e  
u s e a b l e  s c a l e - u p  d a t a  f o r  f u r t h e r  t e s t i n g .
6 . O b s e r v a t i o n s  made d u r i n g  t h e  c o u r s e  o f  t h e  t e s t  work 
s u g g e s t  o t h e r  t r e a t m e n t  methods  t h a t  m ig h t  be  e x p l o r e d  a s  
a l t e r n a t i v e s  t o  column f l o t a t i o n  f o r  r emoving  t h e  
p r e c i p i t a t e s .  The d e n s i t y  and c o m p a c t n e s s  of  t h e  
p r e c i p i t a t e s  s u g g e s t  t h a t  some s e t t l i n g  d e v i c e  may be  u sed  
f o r  t h e  s e p a r a t i o n .  The e x t r e m e  h y d r o p h o b i c i t y  o f  t h e  
y e l l o w ,  waxy,  m a t e r i a l  fo rmed b e f o r e  i r o n  a d d i t i o n  m ig h t  be 
e x p l o i t e d  i n  some manner  t o  remove f e r r o c y a n i d e .
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APPENDIX A:CYANIDE ANALYSES
T h e r e  i s  no method i n  t h e  l i t e r a t u r e  f o r  t h e  d i r e c t  
m ea su re m e n t  o f  f e r r o c y a n i d e  c o n c e n t r a t i o n .  T h e r e f o r e ,  t o t a l  
c y a n i d e  was m eas u r ed  by d i s t i l l a t i o n  by t h e  t e c h n i q u e  
d e s c r i b e d  h e r e .  The method  i n v o l v e s  t h e  d i s t i l l a t i o n  o f  t h e  
s amp le  t o  e x t r a c t  a l l  o f  t h e  c y a n i d e  r e g a r d l e s s  o f  t h e  fo rm,  
complexed  or  f r e e .  A s o l u t i o n  c o n t a i n i n g  t h a t  c y a n i d e  i n  
i t s  uncomplexed  form i s  p r o d u c e d .  The c y a n i d e  c o n c e n t r a t i o n  
o f  t h a t  s o l u t i o n  was m ea su r e d  w i t h  a s p e c i f i c  i o n  e l e c t r o d e .
D i s t i l l a t i o n  P r o c e d u r e
The d i s t i l l a t i o n  p r o c e d u r e  used  i n  t h i s  p r o j e c t  f o l l o w s  
t h a t  o f  B a r t o n  e t .  a l . ( A - l ) , whi ch  was a m o d i f i e d  v e r s i o n  
o f  t h e  ASTM s t a n d a r d  method (A—2 ) .  A Wheaton  co mmerc i a l  
c y a n i d e  s t i l l  was u se d  f o r  a l l  of  t h e  d i s t i l l a t i o n s .  A
s c h e m a t i c  r e p r e s e n t a t i o n  i s  p r e s e n t e d  i n  F i g u r e  A - l .  The
r e a g e n t s  n e c e s s a r y  f o r  t h e  d i s t i l l a t i o n  p r o c e d u r e  a r e :
1) 50 g r a m / l i t e r  sod ium h y d r o x i d e  (NaOH)
2) S a t u r a t e d  m e r c u r i c  c h l o r i d e  (H g C ^ )  ( a p p r o x i m a t e l y  
60 g / 1 )
3) 2 . 5  m o la r  magnes ium c h l o r i d e  (510 g / 1  o f  Mg Cl ^ ^H  o)












F i g u r e  A - l .  S c h e m a t i c  o f  C y a n i d e  D i s t i l l a t i o n  A p p a r a t u s .
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The b u b b l e r  was f i l l e d  t o  an a p p r o p r i a t e  l e v e l  w i t h  t h e  
NaOH s o l u t i o n  i n  wh ich  t h e  HCN would d i s s o l v e .  The s t i l l  
was a s s e m b l e d  and t h e  s a m p le  was p l a c e d  i n  i t .  D i s t i l l e d  
w a t e r  was added  t o  b r i n g  t h e  t o t a l  vo lume i n  t h e  s t i l l  t o  a t  
l e a s t  300 m i l l i l i t e r s .  The s y s t e m  was t h e n  s e a l e d  and t h e  
vacuum s o u r c e  was a t t a c h e d .  I n  t h e  s y s t e m  u se d  f o r  t h i s  
work ,  t h e  vacuum s o u r c e  was an a s p i r a t o r  u s i n g  t h e  c o o l i n g  
w a t e r  t o  p r o v i d e  t h e  vacuum.  The f l o w r a t e  of  t h e  c o o l i n g  
w a t e r  was a d j u s t e d  t o  m a i n t a i n  an a i r  f l o w r a t e  down t h e  
i n l e t  t u b e  o f  a t  l e a s t  one b u b b l e  p e r  s e c o n d .  The h e a t i n g '  
m a n t l e  was t h e n  t u r n e d  on and a d j u s t e d  t o  g i v e  a good 
b o i l i n g  r a t e  t h a t  was n o t  v i o l e n t .  R e a g e n t s  we re  added 
a f t e r  t h e  h e a t  was t u r n e d  on .  They we re  added  i n  t h e  
f o l l o w i n g  am oun t s  and o r d e r :
1) 1 0 .0  ml S a t u r a t e d  HgCl2 s o l u t i o n
2) 4 0 . 0  ml 2 . 5  m o la r  MgCl£ s o l u t i o n
3) 5 0 . 0  ml 1 :1  d i l u t e d  I ^SC^ .
The no rma l  d i s t i l l a t i o n  t im e  was 2 h o u r s  a f t e r  a l l o w i n g  30 
m i n u t e s  f o r  t h e  s t i l l  t o  h e a t  up.  The f l o t a t i o n  u n d e r f l o w  
sa m p le s  w e r e  d i s t i l l e d  f o r  f o u r  h o u r s  a f t e r  t h e  warm up
p e r i o d .  The two hou r  d i s t i l l a t i o n  t im e  was foun d  t o  be
a d e q u a t e  f o r  a l l  o t h e r  s a m p l e s .  A c o o l - d o w n  p e r i o d  o f  30 
m i n u t e s  was a l l o w e d  f o r  e a c h  s ample  a f t e r  t h e  h e a t  was s h u t  
o f f .  The d i s t i l l a t i o n  t i m e s  q u o t e d  w e r e  c o n s i d e r e d  t o  end 
when t h e  h e a t i n g  m a n t l e  was t u r n e d  o f f .  The c o o l i n g  w a t e r
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and vacuum wer e  l e f t  on d u r i n g  t h e  c oo l - d o w n  t i m e .  F i n a l l y ,  
a f t e r  t h e  c o o l  down t h e  b u b b l e r  s o l u t i o n  was t r a n s f e r e d  t o  a 
v o l u m e t r i c  f l a s k  and d i l u t e d  t o  a c o n v e n i e n t  volume t o  
m e a s u r e  t h e  c y a n i d e  c o n c e n t r a t i o n .
S p e c i f i c  I on  E l e c t r o d e  C o n c e n t r a t i o n  Measu rement
An O r i o n  c y a n i d e  s p e c i f i c  i o n  e l e c t r o d e  was u sed  w i t h  a 
s i n g l e  j u n c t i o n  r e f e r e n c e  e l e c t r o d e  (and a d i g i t a l  
p H - m i l l i v o l t  m e t e r  f rom t h e  same m a n u f a c t u r e r )  t o  m e a s u r e  
t h e  c y a n i d e  c o n c e n t r a t i o n  o f  t h e  b u b b l e r  s o l u t i o n s  p r o d u c e d  
by t h e  d i s t i l l a t i o n s .  Two r e a g e n t s  we re  u sed  i n  t h i s  
p o r t i o n  o f  t h e  a n a l y s e s :
1) 10 m o la r  sod ium h y d r o x i d e  (NaOH)
2) 2 . 5 0  g / 1  p o t a s s i u m  c y a n i d e  (KCN) e q u a l  t o  1000 mg/1
CN~.
The sodium h y d r o x i d e  was added  t o  e v e r y  s o l u t i o n  a t  a r a t e  
o f  1 m i l l i l i t e r  t o  e v e r y  100 m i l l i l i t e r s  o f  f i n a l  s o l u t i o n  
v o lu me .  I t  s e r v e d  two p u r p o s e s :  o n e ,  t o  r a i s e  t h e  pH t o  
above  12 t o  keep  t h e  CN i o n i z e d ,  and two,  t o  r a i s e  t h e  
b a c k g ro u n d  i o n i c  s t r e n g h  of  t h e  s o l u t i o n  t o  f a c i l i t a t e  
o p e r a t i o n  o f  t h e  e l e c t r o d e .  The c y a n i d e  s o l u t i o n  was u sed  
t o  make s t a n d a r d s  f o r  c a l i b r a t i o n  of  t h e  m i l l i v o l t  r e a d i n g s  
f rom t h e  e l e c t r o d e  m e a s u r e m e n t .  Al l  c y a n i d e  s o l u t i o n s  w e r e  
mixed  f r e s h  a t  l e a s t  once  a week .  The e l e c t r o d e  would  have
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been  damaged by much use  i n  s o l u t i o n s  w i t h  c y a n i d e  
c o n c e n t r a t i o n s  h i g h e r  t h a n  100 mg/1 , so a l l  s o l u t i o n s  w e r e  
d i l u t e d  t o  l e s s  t h a n  t h a t  l e v e l *  P r ob l e m s  w e r e  e n c o u n t e r e d  
w i t h  t h e  s t a b i l i t y  o f  r e a d i n g s  i n  s o l u t i o n s  h i g h e r  t h a n  10 
m g / 1 , so most  s a m p le s  w e r e  d i l u t e d  t o  be low t h a t  l e v e l  a l s o .  
C a l i b r a t i o n  s o l u t i o n s  we re  u s u a l l y  made down t o  0 ,1 0  mg/1 ,  
so s a m p le s  w i t h  v a r i a t i o n s  o f  a s  much a s  2 o r d e r s  o f  
m a g n i t u d e  i n  c y a n i d e  c o n c e n t r a t i o n  c o u l d  be m ea su r e d  i n  one 
s e r i e s  o f  t e s t s .
The g e n e r a l  p r o c e d u r e  f o l l o w e d  f o r  m e a s u r i n g  t h e  
c y a n i d e  c o n c e n t r a t i o n  o f  a d i l u t e d  d i s t i l l a t i o n  p r o d u c t  was 
t o  make up s t a n d a r d s  t h a t  b r a c k e t e d  t h e  e x p e c t e d  
c o n c e n t r a t i o n s  o f  t h e  g r o u p  o f  s a m p l e s ,  o b t a i n  a s e r i e s  o f  
c a l i b r a t i o n  r e a d i n g s ,  m e a s u r e  t h e  e l e c t r o d e  p o t e n t i a l  i n  t h e  
s a m l p l e s ,  t h e n  r e p e a t  t h e  c a l i b r a t i o n  s t a n d a r d s .  Al l  
s o l u t i o n s  we r e  s t i r r e d  w i t h  a m a g n e t i c  s t i r r e r  w h i l e  t h e  
p o t e n t i a l  m e a s u r e m e n t s  w e r e  made.  I f  t h e r e  we r e  no l a r g e  
c h a n g e s  i n  t h e  e l e c t r o d e  p o t e n t i a l s  i n  t h e  s t a n d a r d s  be tw ee n  
r e a d i n g s ,  a c a l i b r a t i o n  c u r v e  was c o n s t r u c t e d  and t h e  s am p le  
c o n c e n t r a t i o n s  w e r e  o b t a i n e d  f rom t h a t .  I f  t h e r e  we re  
s i g n i f i c a n t  c h a n g e s  i n  t h e  p o t e n t i a l  m ea su re d  i n  any o f  t h e  
s t a n d a r d s ,  t h e  s e r i e s  was r e p e a t e d .
Ca re  was t a k e n  t o  r i n s e  and d r y  b o t h  e l e c t r o d e s  b e tw ee n  
e a c h  m e a s u r e m e n t .  I f  t h e  e l e c t r o d e s  had n o t  been  u sed  f o r  a
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l o n g  t i m e ,  t h e  r e f e r e n c e  e l e c t r o d e  was d i s a s s e m b l e d  and 
c l e a n e d .  When t h e  s t a b i l i t y  o f  t h e  r e a d i n g s  d e t e r i o r a t e d  or  
t h e  d i f f e r e n c e  i n  p o t e n t i a l s  b e tw ee n  t h e  s t a n d a r d s  became 
l a r g e r  t h a n  n o r m a l ,  t h e  membrane o f  t h e  c y a n i d e  e l e c t r o d e  
was p o l i s h e d  w i t h  t h e  s t r i p s  p r o v i d e d  by t h e  m a n u f a c t u r e r .  
These  p r o c e d u r e s  made t h e  u se  o f  t h e  s p e c i f i c  i o n  e l e c t r o d e  
t e c h n i q u e  u s u a l l y  e a s y  and r a p i d .  F a i l u r e  t o  f o l l o w  t h e s e  
p r o c e d u r e s  c a u s e d  many h o u r s  o f  u n n e c e s s a r y  t r o u b l e .
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APPENDIX B: ANALYSIS OF FLOTATION RESULTS
T h i s  a n a l y s i s  f o l l o w s  B u l l  and M u l a r ,  M i n e r a l  
P r o c e s s e s :  T h e i r  A n a l y s i s ,  O p t i m i z a t i o n  and C o n t r o l ,  C h a p t e r  
4 ,  C o l o r a d o  S c ho o l  o f  Min es ,  1969 .
The e q u a t i o n  t o  be  d e t e r m i n e d  h a s  t h e  g e n e r a l  f o rm:
R=Aq+A^x1+A2X 2+ a 3x 3+a4 x 1x 2+ a 5x 1x 3+a 6x 2x 3+a 7x 1x 2x 3 
Each o f  t h e  c o e f f i c i e n t s  c an  be  c a l c u a l a t e d  by t h e  
f o l l o w i n g :
A q =  ( R - ^ + R 2 + R 3 + R i ^ , + R t j + R g + R y + R g )  / 8  
A-jj= ( - R - ^ + R 2 “ R^+Ri4,“ R ^ + R 5 “ R y + R 8 )  / 8
A 2=  ( —R2_” R 2 ^ ’ R 3"*’R 4̂>“ R 5"- R 6"^R 7^ " ^ 8^  / ®
A^= ( -R j^-R2“*Rj - R^+R^+R^+Ry+Rg) / 8
A^= (R i “ R2"R3+R4+K5"R6” R7+R8) /  ®
A -= (R^—R2+R'y“R4“’R5*’R6””R7"*’̂ 8)
A^= ( r i +r 2” r 3” r 4” r 5"r 6+r 7+r 8  ̂/  ®
Aip= ( - R 2 + r 2+ ^ 3 " r 4 + r 5 " ^ 6 ” r 7+ r 8)  
whe re  Rn i s  t h e  r e s u l t  o f  t e s t  n .  The q u a n t i t y  u se d  t o  
d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  t h e  c o e f f i c i e n t  i s  t h e  sum of  
t h e  s q u a r e s  wh ic h  can  be  c a l c u l a t e d  a s :
SSn=(An) x 8
f o r  e a c h  c o e f f i c i e n t .  These  v a l u e s  a r e  compa red  w i t h  an 
e s t i m a t e  o f  e r r o r  v a r i a n c e  by an "F" t e s t .  The e s t i m a t e  of  
e r r o r  v a r i a n c e  u se d  i n  t h e  a n a l y s i s  o f  t h e  d a t a  f rom t h e
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t e s t s  r un  h e r e  was o b t a i n e d  f rom t h e  r e s u l t s  o f  t e s t s  9 
t h r o u g h  11 u s i n g  t h e  e q u a t i o n :
2 k 2 
s e =( 2 ^ ( y f 7 ) ) / k
2
w he r e  S0 i s  t h e  e s t i m a t e  of  e r r o r  v a r i a n c e ,  y j  i s  t h e  
m e a s u r e d  r e s p o n s e  f rom t h e  i t h  r e p e a t ,  7  i s  t h e  mean 
r e s p o n s e  f rom t h e  r e p e a t e d  r u n s ,  and k i s  t h e  number  of  
r e p e a t e d  r u n s .
The "F" t e s t  i s  s i m p ly  a c o m p a r i s o n  of  t h e  v a l u e  of  t h e  
sum of  s q u a r e s  f o r  e ac h  c o e f f i c i e n t  w i t h  t h e  p r o d u c t  o f  S 
and t h e  a p p r o p r i a t e  v a l u e  of  t h e  F f u n c t i o n  a t  t h e  
a p p r o p r i a t e  d e g r e e s  o f  f r e e d om  and d e s i r e d  c o n f i d e n c e  
l i m i t s .
2
The v a l u e  o f  S e c a l c u l a t e d  f rom t h e  R v a l u e s  o f  t e s t s  
9-11  was 1 . 7 0 x 1 0 -3and f rom a s t a n d a r d  t a b l e  t h e  a p p r o p r i a t e  
v a l u e s  o f  F a r e  a s  f o l l o w s :
Conf i d e n c e
L i m i t  F FxS
90% 8 .526  1 .45x10
95% 1 8 .5 1 3  3 . 15 x10
99% 98 .5 0 3  1 .6 7x 10
The c o e f f i c i e n t s  and  t h e  S S n v a l u e s  c a l c u l a t e d  f rom t h e  R
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v a l u e s  o f  t e s t s  1 - 8  a r e  a s  f o l l o w s :
i c i e n t Va lu e s s n
A0 0 .6 4 1 5 —
Ai 0 . 0 24 0 4 .61x10
a 2 0 .0 77 0 4 .74x10
A3 - 0 . 0 2 5 0 5 . 00x 10
- 0 . 0 0 3 3 8 .45x10
a 5 0 .0 2 2 5 4 . 0  5x10
a 6 - 0 . 0 3 5 5
-2
1 . 01x 10
a 7 0 .0043
- 6
1 .45x10
From a c o m p a r i s o n  o f  t h e  above  two s e t s  o f  r e s u l t s  t h e  
f o l l o w i n g  e q u a t i o n  was d e v e l o p e d  f o r  a 90% c o n f i d e n c e  l i m i t .  
Not e  t h a t  AQis a l w a y s  s i g n i f i c a n t ,  A^ i s  m a r g i n a l l y  
s i g n i f i c a n t  a t  90% c o n f i d e n c e ,  and t h a t  n o t h i n g  b u t  Ag i s  
s i g n i f i c a n t  a t  h i g h e r  c o n f i d e n c e  l e v e l s .  T h e r e f o r e ,  t h e  
e q u a t i o n  t h a t  i s  t h e  r e s u l t  o f  t h e  e x p e r i m e n t s  r e p o r t e d  h e r e  
i s :
Removal=0 . 641 5+0 .0 7  7 0 x 2 - 0 . 0  35 5x£X^ 
wh e re  X2= ( F - 1 0 3 . 5 ) / 3 5 .4 and xy= (A - 8 6 ) / 1 7 , i f  F i s  f e e d
f l o w r a t e  i n  m i l l i l i t e r s / m i n u t e  and A i s  s p e c i f i c  a i r
2
f l o w r a t e  i n  sccm/cm •
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APPENDIX C: CHARACTERISTICS OF WASTE WATERS FROM IRON AND
FERROMANGANESE BLAST FURNACE GAS SCRUBBER SYSTEMS
( A f t e r :  De ve lo pm en t  Document  EPA- 4 4 0 / 1 - 7 4 - 02 4 - a)
P l a n t s
Cha r a c t e r i s t i c U n i t s L N Q
F1 ow , l i t e r s / 100 0kg 22500 14000 32200
Ammoni a ............... .. •, 1 . 41 9 .7 5 114
C y a n i d e ....................... 1 . 4 4 ------ 23 .6
P h e n o l ......................... 0 . 5 7 8 0 .5 3 0 0 . 1 3 0
Su sp ended  S o l i d s . 1720 3 07 5000
F l u o r  i d e .................... 0 . 4 5 4 2 . 1 6 ------
S u l f i d e ...................... 4 . 3 4 0 . 4 4 8 ------
M a n g an e se . . . . . . . . ------ ------ 83 3
P l a n t  L had t h e  h i g h e s t  c y a n i d e  c o n c e n t r a t i o n  of t h e
i r o n  b l a s t  f u r n a c e s  l i s t e d ,  and p l a n t  N had t h e  l o w e s t .
P l a n t  Q was a f e r r o m a n g a n e s e  b l a s t  f u r n a c e .
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APPENDIX D: BATEA STANDARDS FOR IRON BLAST FURNACE WASTE 
WATERS
( A f t e r :  Code o f  F e d e r a l  R e g u l a t i o n s ;  T i t l e  40 ,  C h a p t e r  1 ,  
P a r t  420 ,  S u b p a r t  D)
E f f l u e n t  l i m i t a t i o n s
Maximum Ave rag e  o f  d a i l y
E f f l u e n t  f o r  any v a l u e  f o r  30
C h a r a c t e r i s t i c  1 day  c o n s e c u t i v e  d a y s
s h a l l  n o t  ex ce ed  
kg/lOOOkg o f  p r o d u c t
Su sp ended  S o l i d s .............  0 . 0 3 9 0  0 .0 1 3 0
C y a n i d e  A*............................  0 . 0 0 0 4  0 .0 00 13
P h e n o l ......................................  0 . 0008 0 .000 26
Ammonia...................................  0 . 0 1 5 6  0 . 0 0 5 2
S u l f i d e ...................................  0 . 0005  0 .0 00 1 6
F l u o r i d e .................................  0 . 0 3 1 2  0 . 0 10 4
pH................................................  W i t h i n  t h e  r a n g e  6 . 0  t o  9 . 0
* "The t e rm  ' C y a n i d e  A' s h a l l  mean t h o s e  c y a n i d e s  ame nab l e  
t o  c h l o r i n a t i o n  a s  d e c r i b e d  i n  1972 Annual  Book o f  ASTM 
S t a n d a r d s ,  19 72 ,  s t a n d a r d  D2036-72 ,  Method B, page  5 5 3 . "
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APPENDIX E: CHARACTERISTICS OF WASTE WATERS FROM BY-PRODUCT
COKE PLANTS
( A f t e r :  D e ve l op m en t  Document  EPA 4 4 0 / 1 - 7 4 - 0 2 4 -a )
P l a n t s
C h a r a c t e r i s t i c s  U n i t s  A B C
F l o w ....................................l i  t e r s / l O O O k g  580 530 171
Ammonia........................................ mg/1 1900 1380 7330
BOD*...............................................  mg/1 1550 1280 1120
C y a n i d e ......................................... mg/1 102 110 91
O i l  and G r e a s e ........................mg/1 —  240 101
P h e n o l ................ ......  mg/1 450 350 910
S u l f i d e ..............................    mg/1 —  629 197
„ Sus pended  S o l i d s ................... mg/1 —  36 421
* B i o c h e m i c a l  Oxygen Demand
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APPENDIX F:  BATEA STANDARDS FOR COKE-PLANT WASTE WATERS 
( A f t e r :  Code o f  F e d e r a l  R e g u l a t i o n s ;  T i t l e  4 0 ,  C h a p t e r  1 ,  
P a r t  4 2 0 f S u b p a r t  A)
E f f l u e n t  L i m i t a t i o n s
Maximum Av e rage  o f  d a i l y
E f f l u e n t  f o r  any  v a l u e  f o r  30
C h a r a c t e r i s t i c  1 day  c o n s e c u t i v e  d a ys
s h a l l  n o t  e xce ed  
kg/lOOOkg o f  p r o d u c t
Cya n ide  A * . . . .   0 . 0 0 0 3  0 . 0 0 0 1
P h e n o l ................ ....................  0 .0006 0 .0 00 2
Ammonia...................................  0 . 01 2 6  0 . 004 2
S u l f i d e ...................................  0 . 0 0 0 3  0 . 000 1
Oi l  and G r e a s e ..................  0 . 0 12 6  0 .0 04 2
Suspended  S o l i d s .............  0 . 0312  0 .0 1 04
pH................................................... W i t h i n  t h e  r a n g e  6 . 0  t o  9 . 0
* "The t e r m  ' c y a n i d e  A' s h a l l  mean t h o s e  c y a n i d e s  ame nab l e  
t o  c h l o r i n a t i o n  a s  d e s c r i b e d  i n  1972 Annual  Book o f  ASTM 
S t a n d a r d s ,  19 7 2 ,  s t a n d a r d  D2036-72 ,  Method B, page  5 5 3 . "
